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FOREWORD

EPA is charged by Congress to protect the Nation’s land, air, and water systems. Under
a mandate of national environmental laws focused on air and water quality, solid waste
management and the control of toxic substances, pesticides, noise, and radiation, the Agency
strives to formulate and implement actions which lead to compatible balance between human
activities and the ability of natural systems to support and nurture life.

~ The Robert S. Kerr Environmental Research Laboratory is the Agency'’s center of expertise
for investigation of the soil and subsurface environment. Personnel at the laboratory are
responsible for management of research programs to: (a) determine the fate, transport and
transformation rates of pollutants in the soil, the unsaturated and the saturated zones of the
subsurface envirdnment; (b) define the processes to be used in characterizing the soil and
subsurface environment as a receptor of pollutants; (¢) develop techniques for predicting the
effect of poliutants on ground water, soil, and indigenous organisms; and (d) define and
demonstrate the applicability and limitations of using natural processes, indigenous to the soil and
subsurface environment, for the protection of this resource.

This report deals with geochemical techniques that allow identification of sources of salinity
in the Nation’s fresh ground water. Seven major sources of salinity, (1) natural saline ground
water, (2) sea-water intrusion, (3) halite solution, (4) oil- and gas-field activities, (5) agricultural
techniques, (6) saline seep, and (7) road salting, are discussed with respect to occurrence,
geochemical characteristics, and identification techniques. The report is designed to act as a
reference manual that can guide the reader through an investigation of ground-water salinity.

AN 7Y/4
Clinton W. Hall
Director

Robert S. Kerr Environmental
Research Laboratory
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'EXECUTIVE SUMMARY

This report deals with salt-water sources that commonly mix and deteriorate fresh ground
water. It reviews characteristics of salt-water sources and geochemical techniques that can be
used to identify these sources after mixing has occurred. ‘

The report is designed to assist inv’estigatdrs of salt-water problems in a step-by-step
fashion. Seven major sources of salt water are distinguished: (1) Natural saline ground water,
(2) Halite solution, (3) Sea-water intrusion, (4) Oil-and gas-field brines, (5) Agricultural effluents,
~ (6) Saline seep, and (7) Road salting. The geographic distribution of these sources was mapped
individually and together, illustrating which ones are potential sources at any given area in the
United States. In separate sections, each potential source is then discussed in detail regarding
physical and chemical characteristics, examples of known techniques for identification of mixtures
between fresh water and that source, and known occurrences by state. Individual geochemical
parameters that are used within these techniques are presented in a separate section, followed
by a discussion concerning where and how to obtain them. Also provided is a description of basic
graphical and statisﬁdal methods that are used frequently in salt-water studies. An exténsiv,e list of
references for further study concludes this report.
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1. INTRODUCTION -
RS Purpose and Use of this Report o

The purpose of thIS report is to summarize geochemlcal techmques that can be used in studies of
salinization of fresh water. The report is designed to assist investigators through detailed discussion of
potentially useful chemical parameters and techniques,; as well .as of physical and geographical
characteristics of potential salinization sources. _ - S ,

- The topic of salt-water contamination has been extensively researched, as evndenced by the long list
of references compiled for this report. No compendium of the overali topic, however, has previously been
compiled. The purpose of this document is not to develop new geochemical techniques for identifying
sources of ground-water salinity, but to summarize known approaches for all different sources into a single
document so that a researcher will have a reference manual that reviews available work.

Salinization of fresh water is perhaps the most widespread threat to ground-watef resources. This
document deals with geochemical characteristics of the major known sources of salinity, and as such will
be helpful to investigators of salt-water problems. The extent to which this document will be of help will
depend to a large degree on the background knowledge of the problem and of the investigator. To an
experienced researcher in the field of ground-water quality, this document may serve as a summary of and
reference to some of the known techniques that are being used. To investigators new in this field, we
suggest the following possible methodology of investigation in combination with this report.

Step 1: The general geographic distribution of major potential salinization sources, that is

(1) natural saline ground water, (2) halite solution, (3) sea-water intrusion, (4) oil-and gas-
field brines, (5) agricultural effluents, (6) saline seep, and (7) road salt, is addressed in
Chapter 2 of this report. Through a series of maps that show the distribution of each
source as well as the overiap between these sources, the investigator can get a general
idea which potential salinization source or sources exist at her/his local area of interest at
any given area of the country. There are some limitations to the maps, as discussed in
Chapter 2.

Step 2:  After potential sources of salt water have been identified, Chapter 3 should be consulted
for a discussion of the sources. This will provide the researcher with the necessary
background information about the source(s) of interest. Each of the seven sources is
discussed in detail, including mechanisms of mixing with fresh ground water, chemical
characteriétics, geochemical case studies, recommended chemical techniques for
identification of salinization caused by these sources, and a state-by-state summary of
occurrences. For each source, a variety of technique§ thai can be used is presented.



Each section includes a state-by-state summary of known problem cases associated with
individual salinization sources. Before disregarding any source identified in Step 2 as
absent in the area of salinization and of interest, the investigator may want to review all
summaries pertinent to her/his state(s). With the help of references listed in Chapter 7,
extensive background information of the problem can be obtained.

Step 3:  After selecting techniques that are useful for the particular problem case, the
geochemical parameters of interest should be reviewed in Chapter 4. This will give the
investigator a general overview of parameter characteristics as well as sampling
techniques and costs of laboratory analyses.

Step 4: Depending on the area of interest, chemical data may or may not be available to the
investigator from published sources, agency files, or computerized data banks. Some of
the techniques selected in Step 3 may be applicable using existing data, but others most
likely will necessitate collection of water samples for parameters that are not determined
on a regular basis {for example, isotopes). Chapter 5 should be consuited for guidelines
of data selection and for a discussion on computerized data banks. This step is crucial, as
existing data can be very helpful but may also be misleading. Chemical analyses that may
be representative of potential salinization sources can be found in the referenced
literature.

Step 5: Once data have been selected from existing sources or collected in the field, evaluation
can be accomplished using techniques selected during Step 2. Useful graphical and
statistical methods are discussed briefly in Chapter 6. Hopefully, the source of salinity will
then be determined.

1.2. Background

All natural waters contain some dissolved minerals through the interaction with atmospheric and soil
gases, mixing with other solutions, and interaction with the biosphere and lithosphere. In many cases,
these processes result in natural waters that contain total dissolved solids (TDS) concentrations above
those recommended for drinking water (Table 1). This deterioration of water quality is enhanced by almost
all human activities through water consumption and contamination.

Salinization, that is, the increase in TDS, is the most widespread form of water contamination. The
effect of salinization is an increase in concentrations of specific chemical constituents as well as in overall
chemical content. A variety of terms have been introduced in the literature to reflect the changing
character of the water as salinity increases, such as saline, moderately saline, very saline, brackish, and
brine (Table 2). For the purpose of this report, we followed the classification of Robinove and others
(1958), which is one of the most widely used. The term “salinization,” as it will be used in this report,



Table 1. Drinking-water standards established for
_ inorganic consituents (data from Freeze and Cherry,
1979, and U.S. Environmental Protection Agency, 1989).

, , Recommended
Constituent concentration limit
' (mg/L) '

Total Dissolved Solids (TDS) 500.000
Chloride (Cl) : 250.000
Sulfate (SO4) : .250.000.
Nitrate (NOg3) 45.000
Iron (Fe) ‘ 0.300
Manganese (Mn) ‘ 0.050
Copper (Cu) 1.000 -

- Zinc (Zn) o 5.000

~ Boron (B) 1.000
Hydrogen Sulfide (HoS) 0.050
' Maximum permissible

concentration
(mg/L)

Arsenic (As) ' 0.050
Barium (Ba) - 1.000
Cadmium (Cd) 0.010
Chromium (Cr) , 0.050
Selenium (Se) 0.010
Antimony (Sb) 0.010
Lead (Pb) 0.050
Mercury (Hg) 0.002
Silver (Ag) 0.050
Fluoride (F) 1.4-2.4



Table 2. Ground-water classification based on TDS -

ranges (in mg/L).

Roblnove and others, 1958: .
Fresh A . -0 - 1,000TDS"
Slightly saline = 1,000 - 3,000
Moderately saline 3,000 - 10,000

- Very saline 10,000 - 35,000
Briny >35,000 S

Freeze and Cherry, 1979:

Fresh water’ 0 - 1,000TDS
Brackish water . 1,000 -~ 10,000 ‘
Saline water - 10,000 —100,000 B

Brine >100,000



indicates an increase in TDS from background levels by any source. As such, salinization may or may not
cause concentrations higher than drinking water standards.

Of the variety of potential sources of salinity, some are natural and others are anthropogenic.
Precipitation interacts with atmospheric gases and particles even before it reaches the earth’s surface, as
reflected in often low pH values in areas of high sulfur dioxide content in the atmosphere (formation of
sulfuric acid, “acid rain”). Strong winds carry mineral matter and solution droplets (for example, ocean
spray) that can be dissolved and incorporated into precipitation. Surface runoff dissolves mineral matter on
its way toward a surface-water body, where it mixes with water of different chemical composition. Water that
enters the soil is subject to additional chemical, physical, and biological changes, such as
evapotranspiration ineral solution and precipitation, solution of gases, and mixing with other solution.
Changes in chemical composition continue in ground water along flow paths from recharge areas to
discharge areas. Water-rock interaction and mixing are the dominant processes. Mixing of different waters
is often enhanced by human activities. For example, improper drilling, completion, and final construction
of wells may create artificial connections betWeen fresh-water aquifers and saline-water aquifers. Pumping
of fresh water may change directions of ground-water flow and may cause encroachment of saline water
toward the pumped well; improper waste-disposal activities or techniques may introduce artificial solutions
that contaminate natural ground water. . V

Some areas of the country experience very little problems regarding salinization of fresh-water
resources, whereas in other areas most of the available ground water is saline, reflecting natural and
human-induced degradation. Where such conditions for salinization of fresh water exist is discussed in
the following chapter.



2. GEOGRAPHIC DISTRIBUTION OF MAJOR SALINIZATION SOURCES

For the purposes of this report, seven major salinization sources were singled out. They are,
(1) natural saline ground water, (2) halite solution, (3) sea-water intrusion, (4) oil-and gas-field brines,
(5) agricultural effluents, (6) saline seep, and (7) road salt. The geographic distribu.tivon of these potential
sources and areas of overlap between these sources are discussed in this chapter. A detailed discussion
of each individual source will follow in the next chapter. '

Saline ground water (TDS>1,000 parts per million [ppm]) of vanable ongm underlies approximately
fwo-thirds of the United States (Feth and others, 1965). It may be encountered in water wells that were
drilled too deep for local conditions and it is a threat to those wells that are bumped at a sufficiently high
rate to induce salt-water flow toward the well. Shown in figur'e 1 are those areas where TDS concentrations
are greater than 1,000 ppm within 500 ft of land surface. Outslde these éreas, saline water does occur, but
generally at depths greater than 500 ft below land surface (Feth and others, 1965). Although the potential
of salinization exists in these outside areas wherever wells are pumped at high rates and from great
depths, the cut-off value of 500 ft was adopted from Feth and others (1965) because the search for
usable ground water (and with it drilling activities to greater depths) may be greatest in areas where less
fresh water is available. Conditions may change in the future or may be different Iocally, as the demand for
ground water increases. ‘

Many sedimentary basins are known to contain large deposits of rock salt in the form of Salt beds or
salt domes (Fig. 2). Some of these deposits occur at great depths, such as thbse in southernmost Florida
that are at greater depths than 10,000 ft below land surface. Others occur close to land surface, such as
those in parts of Utah (Dunrud and Nevins, 1981). Shallow occurrences of salt in Texas, Louisiana,
Alabama, and Mississippi albng the Gulf of Mexico are due to salt diapirism. The presence of salt deposits
milllons of years old indicates a relativel)} high stability, that is, little contact with ground water. Where
ground water comes into contact with salt deposits, often enhanced by heavy dﬁlﬁnd ‘and mining activities,
especially in salt-dome areas, solution of salt and salinization of jocal ground waters will occur. The
shallower the salt deposit, the higher the potential of fresh-water salinization. In this report, all salt deposits
are considered potential salinization sources, regardless of the depth of occurmrence.

Where coastal aquifers are interconnected with the open ocean, sea-water intrusion can occur.
Where formation water hasn't been flushed out, where sea-water has intruded or is intruding into coastal
aquifers as a result of high sea-water ievels, or where pumping induces landward flow of sea water, the
potential of well-water salinization exists. For the purpose of this report, all coastlines of the country were
considered potential intrusion areas, regardless of the nature of the coastal aquifer (Fig. 3). On a local
scale, some coastal areas can probably be disregarded as a source of salinity, especially where ground-
water pumpage is low.
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Figufe 1. Map of the United States showing areas of ground water containing more than 1,000 mg/L total
dissolved solids at depths less than 500 ft below land surtace (data from Feth and others, 1965).
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Figure 2. Map of the United States showing the approximate extent of halite deposits (data from Dunrud

and Nevins, 1981).
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Figure 3. Map of the United States showing areas of potential sea-water intrusion.



Associated with the exploration of oil and gas is the creation of avenues for water migration from
great depths into the shallow subsurface. Subsequent production brings huge amounts of brine to the
land surface. These drilling activities and the disposal of these brines are some of the biggest salinization
hazards in the country. Parts of 25 producing states are potentially affected by this hazard, as mapped by
the general distribution of oil and gas fields in the United States (Fig. 4).

Salinization as a result of agricultural activities is found all over the country. Irrigation-return waters
pose a potential threat in the western half of the United States (Fig. 5), where precipitation rates are low
and where evapotranspiration rates and sait contents in soil are high. Another salinization source
enhanced by agriculture is dryland saline seep. Terracing of land and destruction of natural vegetation
caused this phenomenon in several states, resulting in the salinization of soil and ground water (Fig. 6).

Waeather conditions favor concentration of road salting in the northeastern part of the country
(Fig. 7). There, millions of tons of salt are applied to roads each winter, imposing a salinization threat to
soil, plants, and surface and ground water in the vicinity of highways.

Mapping of potential salinization sources, as done in figures 1 through 7, is helpful in determining
sources of salinity at any particular area in the country. By overlaying all seven sources, a variety of
combinations between these sourcés becomes evident. This large variety complicates generic
approachaes 1o salt-water studies, because salt-water characteristics change considerably from area to area
depending on the kind of combination of sources involved. ln‘addition, not only the potential salinization
sources change from area to area, but also the chemical characteristics of individual sources may not be
the same everywhere, greatly increasing the number of potential combinations of possible mixing
between fresh-water and salt-water sources. As the composiie map (Fig. 8) of the above-mentioned
potential sources indicates, approximately three-quarters of the country could possibly be affected by two
or less than two of the selected sources. In these areas, identification of an actual salinization source could
be easier than in other parts, where three or more potential sources exist.

There are several limitations to lhé' applicability of the maps (Figs. 1 through 8) presented here.
Limitations that should be kept in mind when selecting or eliminating potential sources at any given area
are (1) only the sourcss diséussed in this report were mapped; (2) the sole presence of a potential source
does not necessarily indicate that the source actively contributes to any salinity problem; (3) effects of
these sources may be felt away from the point of origin; (4) areas of occurrence were generalized with
approximated boundaries; and (5) the known distribution of potential salinization sources may have
changed since originally mapped. Not included on these maps are some other known salinization
sources, such as sewer systems, thermal springs, waste-disposal facilities, or mining areas, all of which
may contribute to ground-water salinization in some areas. These sources were not considered because
large-scale regional mapping would have been more complicated and would have resulted in even more
small areas of overlap. Also, chemical characteristics of these sources vary to a higher degree locally than
the ones discussed here, which would Have complicated the discussion even further. The seven
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Figure 4. Niap of tﬁe United States showing general areas of oil and gas production (médified from
PennWell Publishing Co., 1982).
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Figure 5. Major irrigation areas in the United States (modified from Geraghty and others, 1973).
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Figure 6. Saline-seep areas in Moniana, Noith and South Dakota, and Texas (data from Bahls and Miller,
1975, and Neffendorf, 1978).
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Figure 7. Map of the United States showing amount of road salt (in thousands of tons) used in indivisual
states during the winters of 1966—1967, 1981-1982, and 1982-1983 (data from Field and others, 1973;
Salt Institute, undated). .
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Figure 8. Composite map of potential salinization sources as mapped in figures 1 through 7.
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potential sources mapped may or may not be active at any area, depending on natural and human-induced
conditions. For example, oil-field activities or the presence of halite in the subsurface don't necessarily
imply that either cause salinity of ground water in a specific area. Also, for reasons of simplicity, only those
states with a long history of road-salt use (cut-off value of greater than 30,000 tons of road salt use per
year in 1966) was used in the overlap map of figure 8. This should not imply that, for example, a storage.
area of road salt in any of the states that applied less than 30,000 tons per year at that time is not a.
potential source of salinity, or that increased usage in some other states may not pose a problem now orin
the future. If ground-water sallnity is a problem, every potential source in that area should be considered. If
a salinity problem exists in an area where no potential salinization source is indicated on figures presented
herae, either transport of salt water from a bordering area or from a source not covered in this report should
be considered. It also should be kept in mind that some of the base maps used in constructing these
maps are up to 30 years old, and may be somewhat outdated regarding the present occurrence of any of
these sources on a local basis. In any case, these maps should probably be used only to get a general
idea of potential sources involved, after which available maps with more local detail should be consuited.
The scale factor alone should make it imperative that the geographic distribution of salinization sources
should be mapped at the beginning of each salinization study using local maps instead of maps presented
in this report. The sources mapped in this chapter will be discussed individually and in detail in the
following chapter.

16



" 3. MAJOR SALINIZATION SOURCES

As discussed in the introduction chapter, a variety of salinization sources-exists throughout the
country. Some of these are more dominant than others, and individually sources may be active in some
place but not in another, depending on natural conditions and changes -induced by man. Individual
salinization sources judged as most important on a regional level are (1). naturally occurring saline ground
water, (2) halite solution, (3) sea-water intrusion, (4) oil-field and-gas-field brines, (5) agricultural by-
products and techniques, (6) saline seep, and (7) road salt. A ,

Each section on individual salinization sources is lelde into (1) a discussion of the mechanism of
contamination, (2) the chemical composition of the salinity source, (3) examples of geochemical studies
that were conducted to identify the specific salinity source, {4) the most significant chemical parameters
that are commonly used tc trace the respective source, and.(5) a state-by-state summary of the sélinity
source. This way, a researcher is provided with an in-depth review of geochemical methods for identifying
various salinity sources. A cookbook approach for identifying salinitysources is not followed because the
complexity of local contamination and hydrogeology precludes a step-by-step approach. After reviewing
the information contained in-a section, a researcher needs to-develop his/her own hydrochemical criteria
based on.the type of salinity, the hydrogeologic setting, and the type of data and budget available.

Although comprehensive, the following discussion of salinization sources cannot be complete.
Local sources of reference for the area of interest should be incorporated by the researcher, who should
have a general understanding of ground-water conditions in the area.

3.1. Natural Saline Ground Water
3.1.1. Mechanism

Natural saline ground water, as used for this mahual, is regionally occurring saline ground water that
underiies fresh-water aquifers. This chapter deals with natural discharge of such saline ground water, with |
pumping-induced mixing between saline ground water and fresh water, and the upward migration of saline
ground water along boreholes drilled through the fresh-water section into the salt-water section. Not
discussed is salinization associated with solution of halite (see chapter 3.2), with sea-water intrusion (see
chapter 3.3), and with oil-field brine production (see chapter 3.4), all of which also deal with natural saline
ground waters. Chemical characteristics of deep-basinal formation brines are similar or identical to most
brines produced from oil and gas reservoirs. The nature of occurrence in salt-water problems is different,
however, as contamination by oil-field brines involves pumping and disposal of brine or creation of artificial
migration pathways, whereas contamination by deep-basin brines involves subsurface migration as a
result of natural or pumping-induced conditions. This difference in mechanisms of contamination but
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similarity in chemical characteristics creates some overlap in the discussion of natural saline ground water
in this section and the discussion of oil-field brines in chapter 3.4.

Saline ground water underlies the country at variable depths. Some areas don't contain any fresh
ground water, whereas in other areas thick fresh-water aquifers overly saline ground water. For example,
little or no saline water is known to occur within 1,000 ft of land surface in most of Nebraska and Missouri,
whereas in some other states, such as Indiana, Ohio, and North Dakota, saline water is encountered at
less than 500 {t below land surtace throughout almost the entire state (Fig. 1). Where plenty of fresh water
overlies shallow saline water, no major problems of salt-water mixing with fresh water may occur, such as in
lowa (Atkinson and others, 1986). Other areas may not be so fortunate, such as New Mexico, where an
estimated 75 percent of all ground water is too saline for most uses (Ong, 1988).

The occurrence of saline ground water is dependent on a variety of factors, including distribution
and rates of precipitation, evapotranspiration and recharge rates, type of soil and aquifer material,
residence time and flow velocities, or nature of discharge areas. The origin of natural saline ground water
can be residual (connate) water from the time of deposition in a saline environment, solution of mineral
matter in the unsaturated and saturated zones, concentration by evapotranspiration, intrusion of sea
water, or any mixture of the above. Residual saline water is not found very often within the shallow
subsurface because of the normal flushing of formation water by precipitation through time. Relatively
young coastal aquifers may still contain pockets of connate water where hydraulic gradients are low and
where hydraulic conductivities are low. Typically, natural salinity in ground water increases with depth
below land surface as chemical reactions with aquifer material, resident time, and mixing of different waters
increase. Grounk water in discharge areas typically is of lower quality than ground water in recharge areas
because of water-rock interactions and possible mixing with saline water along the flow path (Fig. 9).

In some settings, especially in the westem half of the United States, salts may be concentrated in the
shallow subsurface due to evaporation rates that exceed precipitation by up to one order of magnitude
(Geraghty and others, 1973). Significant recharge pulses may dissolve this salt and flush it into ground
water. Evaporation is enhanced by transpiration of water by plants, which is a serious problem in several
southwestern states. Woessner and others (1984) reported that phreatophytes can cause TDS increases
from 2,000 mg/l. to 11,000 mg/L in a single growing season in parts of Arizona and Nevada. The salt that
accumulates in the soil during the growing season, from 403 mg/kg to 28,177 mg/kg, is flushed toward
discharge areas during major recharge periods.

Many ground-water basins in the western United States are closed. In those basins, natural recharge
along the surrounding highlands flows toward the basin centers. Along the flow path, ground water
dissolves mingral matter, resulting in a general increase in TDS content from recharge areas to discharge
areas. Evaporation in the basins and espedially in salt flats in the center of the basins is the most influential
process in the development of the chemical composition of the shallow, saline ground water in these
settings (Boyd and Kreitler, 1986). Evaporation and mineral precipitation concentrate the ground water to
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the compaosition of a Na-Mg-SO4-Cl-type brine, noted for Deep Springs Lake (Jones, 1965), Death Valley
(Hunt and others, 1966), and Sierra Nevada Basin (Garrels and MacKenzie, 1967) in California, for Abert
Lake in Oregon (Jones and others, 1969), for Teels Marsh in Nevada (Drever, 1982), and for the northern
Salt Basin of West Texas (Boyd and Kreitler, 1986). Surface water that accumulates at topographically low
areas in the center of the basins is often concentrated by evaporation. Infiltration of these concentrated
watars can reach the water table and cause severe poliution. In the western United States, many areas
which are now drained by major river systems may have been under closed conditions in the past, during
which high concentrations of residual salt were left behind in low-permeable, lacustrine deposits. Because
of low permeabilities, these salts may have been preserved in these settings under natural conditions. |
Overpumpage of good-quality ground water can lead to inflow of these saline ground waters, as fresh-
water sources are depleted and waters are drained out of low-permeable units. '

Natural contamination of fresh water by saline ground water occurs where salt water from saline
aquifers (a) discharges at land surface or (b) mixes with fresh water in the subsurface. (a) Natural saline
springs have been reported at many localities in the United States, sﬁch as in New York by Créin (1969), in
Oklahoma by Ward (1961), in Texas by Richter and Kreitler (19864a,b), or in Arizona by Fuhriman and
Barton (1971). Some of these natural springs contain TDS of up to 300,000 mg/L as‘ a result of solution of
halite in the shallow subsurface (see also chapter 3.2.). Geothermal springs associated with fault zones or
volecanic activity are often mineralized. In other areas, saline-water djschargé occurs as ‘nonpoiht'
contamination, such as along the Colorado River, where more than 50 percent of the average annual 10.7
million tons of salt is contributed by diffuse seepage (U.S. Department of Agriculture, 1975; Atkinson and
others, 1986). (b) Mixing of saline ground water and fresh recharge water occurs in discharge areas of
reglonal and local aquifer systems, such as in the outcrop areas of Permian formations in north-central
Texas (Core Laborateries, Inc., 1972) and of Missfssipplan formations in central Missouri (Fig. 10) (Banner
and others, 1989). Fresh-water and sait-water facies are generally éeparajéd by a zone of mixing of :
variable thickness. The position of this mixing or transition zone may vary in response to changes in either -
flow component, which, on a nongeological time scale, is mostly in response to heévy pumpage of fresh
water. Drawdown of the water table or the potentiometric surface in some aquifer systems is so severe that
this interface moves to within the cone of depression of individual wells or well fields, resulting in
contamination of welis after some time of pumping. Mixing between fresh water and saline water can also
occur through any type of boreholes that penetrate and are open to both types of waters. If heads in the
fresh-water unit are higher than in the salt-water unit, fresh-water will drain into the saline formation. if salt-
water heads are higher than fresh-water heads, contamination of an entire aquifer in the vicinity of the well
may occur.

Intermittent pumping of wells can lead to changes in water quality associated with chemical reactions
within the cone of depression. Oxidation of pyrite within the cone during pumping of the well and the
subsequent solution of iron and sulfate during the recovery of water levels to prepumping levels when the
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recharge in the Front Range of Colorado acquires high salt contents from Permian evaporites under the’
High-Plains. aquifer along its: flow path to recharge areas in central Missouri, where it mixes with local

meteoric, fresh ground water (modified from Banner and others, 1989).
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well is not pumped, often leads to high iron and sulfate concentrations in well waters (Custodio, 1987).
Changes in water quality during pumping may also depend on the depth of the well. For example, in a salt-
water study in Arkansas, Morris and Bush (1986) sampled two adjacent wells of different total well depths
(Fig. 11a). Over time, chloride content increased in the shallow well and decreased in the deep well (Fig.
11b). The increase in the shallow well suggested inflow of deep saline water, whereas the decrease in
chloride in the deep well suggested inflow of fresh water (Morris and Bush, 1986).

3.1.2. Hydrochemistry of Different Sources of Naturally Occurring Salinity

Nearly all geologic environments may contain naturally-occurring saline water resulting from
geochemical processes within each geologic setting. Natural, highly saline waters typically have chloride
as the dominant anion and sodium as the dominant cation. Exceptions are waters associated with saline
seep and some salt flats, which often have sulfate as major anion. Calcium concentrations are sometimes
very high in deep-basin brines, as TDS concentrations approach several hundreds of thousands mg/L.
These brines are comprised almost entirely of NaCl and CaCly. Natural brines associated with mineral
deposits often contain unusually high concentrations of ions that are normally not concentrated in most
other brines, such as Cu, Zn, Ni, Co, Mb, Pb, or Ag.

The origin of the chemical composition of brines in sedimentary basins is widely discussed and
sometimes disputed. Depending on the hydrologic environment of each respective basin, the chemical
composition of saline water may differ, as outlined by Kreitler (1989): ,

Basin waters often are referred to as either connate, meteoric, or a mixture of both. The term

“connate” is defined for this paper as water that was trapped at the time of sedimentation. The term

“meteoric” indicates ground water that originated as continental precipitation. By definition, the age

of connate waters coincides with the age of the host sediments. Basinal waters of meteoric origin are

younger than the host sediments. Though most basins are composed predominantly of marine
sediments, formation waters generally do not resemble sea water in either chemical composition or
concentration. Many basins contain waters with total dissoived solid concentrations significantly
greater than sea water concentrations and as high as 400,000 ppm. Maximum salinities in the Tertiary

section of the Gulf Coast Basin are approximately 130,000 ppm; in the East Texas Basin, 260,000

ppm; in the Palo Duro Basin, 250,000 ppm; in the lllinois Basin, 200,000 ppm; in the Alberta Basin,

300,000 ppm; and in the Michigan Basin, 400,000 ppm (Bassett and Bentley, 1983; Hanor, 1983).

Two different types of brines are generally found, a Na-Cl brine and a Na-Ca-Cl brine, neither having

chemical composition ratios similar to sea water.

In recent years, three mechanism have been used to explain the high ionic concenfrations and the

chemical composition of the brines (Hanor, 1983) (1) the brines originated as residual bittern brine

solutions left after the precipitation of evaporites; (2) basinal waters have dissoived halite that was
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Figure 11. Relationship between depth of screen and chloride content in two adjacent wells (from Morris
and Bush, 1986). (a) Pumpage-induced changes in flow directions cause upward migration of saline water
into fresh water in well No. 178 and downward migration of fresh water into saline water in well No. 177,
resulting in (b) water-quality deterioration and improvement, respectively.
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present as either bedded or domal salt; and (3) basinal waters have been forced through low-

permeability shales (reverse osmosis), leaving a brine on the high-pressured side of the membrane.

At present, there is no consensus about the relative importance of each of these three mechanisms

to the origin of brine. , .

The theory of salt sieving (reverse osmosis) was first introduced by DeSitter (1947). During
compaction, and in response to flow through tightly packed clays, anions are repelled from negative
charges on clay-mineral surfaces (membrane effect), whereas positively charged ions may pass through
the clay layers, maybe in a stepwise fashion. moving from one cation exchange site to the next:(Atkinson
and others, 1986). This way, chloride as well as large, multivalent cations and heavy isotopes tend to be
enriched on the high-pressure side of the membrane. Schwartz (1974) proposed that this process may
also be active at relatively shallow depths in parts of Canada, involving residual effective stress conditions
across il layers. According to Land (1987), opponents of the salt-sieving theory note that (a) sufficient
pressure gradients may not be generated in nature, (b) the chemistry of brines in shale-rich sections
doesn't appear to conform to expected patterns, and (c) a wide variety of formation-water types are
observed In similar settings. Instead of the salt-sieving theory, Land (1987) suggested that the primary
source of salinity are evaporite deposits. Evaporites have always been deposited through geologic time
but have become increasingly rarer in progressively older rocks, suggesting dissolution. Garrels and
MacKenzie (1971) estimated that present evaporites have been dissolved and precipitated 15 times in
the last three billion years, resulting in an average cycle of 200 million years. Dissolution of salt in the
subsurface may be the best explanation for (a) this relatively short cycle, (b) the missing salt-in older rock
formations, and (¢) the abundance of sedimentary basin brines (Land, 1987). In addition to evaporite
solution, mineral equilibria control the overall composition of brines. Sodium and calcium are by far the -
most dominant cations in almost all brines because equilibrium conditions between Na-feldspar (albite)
and K-feldspar result in sodium dominance over potassium, and equilibrium conditions between calcite -
and dolomite result in calcium dominance over magnesium (Helgeson, 1972; Land, 1987). To explain
other constituents in brines, Land (1987) proposed two types of rock-water interaction, one occurring in
the sedimentary basin itself and the other occurring in the basement underlying the sedimentary basin. -

The massive destruction of detrital feldspar releases significant amounts of calcium, potassium,

strontium, barium, lithium, etc., to solution. Feldspar equilibria prove that large amounts of potassium .

cannot remain in solution until temperatures reach very high values, and potassium is commonly

consumed in the formation of diagenetic illitic clay from a smectitic precursor (Schmidt and McDonald,

1979). The strontium and barium contained in brines: are known to be vastly more abundant than .

predicted simply by the evaporation of seawater, and the 87Sr88Sr ratio of the brine is commonly-

elevated. 87Sr is produced by the decay of 87Rb, an element characteristic of silicate phases,

espedcially K-feldspar. Thus, significant involvement of silicate phases in determining brine chemistry .

is proven. Other isotope ratios, such as 180/160 (Clayton and others, 1966) and D/H (Yeh, 1980)

24



are shifted from the values expected for surficial seawater-derived brines, provudxng additional .
evidence for extensive rock-water interaction in the subsurface. ‘

. Itis well known that fluid inclusions in minérals of hydrothermal, metamorphic, or igheous origin are
commonly very saline (Roedder, 1984). Metamorphism is accompanied by devolatilization, during
which carbon dioxide and water are released, presumably to overlying sediments. Thé formation of
slaty cleavage during low-grade metamorphism apparently requires the loss of large volumes of the -
rocks themselves (Buetner and Charles, 1982). The loss of appreciable volumes of insoluble
components, such as SiOo and AloO3 means that they must be transported into overlying strata. In’

- addition to such large-scale material transport, the protons which are bound in alumino-silicates
during weathering at the Earth’s surface are progressively replaced by cations:during-metamorphism. -

- For example, the H/Na of a solution in equilibrium with albite and kaolinite increases nearly two orders
of magnitude over the temperature interval 25 to 200°C (Helgeson, 1972). In solutions dominated by

' chloride, weak HCI is thus produced. Acid water lost from metamorphic reactions into the overlying
-sediments will be neutralized by minerals like cakite, generating Ca-enriched solutions and COs. In
-fact, such a reaction sequence is one possible reason why the COo content of natural gasses

- increases with increasing depth (Lundegard and Land, 1986). The 13C/12C ratio in natural gas also
tends to become enriched in 13C with increasing CO2 content as more carbon is apparently derived

. from inorganic as opposed to organic sources. -
Occurrences of brines in igneous rocks may be of multiple origin, as suggested by a long list of

possible sources suggested in the literature. Edmunds and others:(1987) list the following modes of
possible origin: (1) marine transgression and subsequent concentration (for example, Frape and Fritz, -
1982); (2) migration of sedimentary basin brines (for. example, Fritz and Frape, 1982), (3) residual-

hydrothermal fluids (for example, Alderton and Sheéppard, 1977), (4) dissolution of grain-boundary salts
(for example, Grigsby and others, 1983), (5) silicate mineral hydrolysis and related water—rock interactions
(for.example, Edmunds and others, 1984, 1985; Frape and others, 1984), (6) breakdown of fluid
inclusions in quartz and other minerals (for example, Nordstrom, 1983), and (7) radiolytic decomposition of
water during a-series decay (Vovk, 1981). Some of these processes are believed to have caused brine '
concentrations of up to 550,000 mg/l. TDS (Vovk, 1981). Edmunds and others '(1987) added an
extensive list of chemical reactions to the above list to explain the origin of saline ground water in a granite
of Comwall, United Kingdom. Eliminating ancient sea water as a potential'source (5180 and 5D indicated a
local, meteoric origin), chemical reactions along the flow paths down to approximately 4,000 ft and at
temperatures reaching 131°F (55°C) can explain these saline waters having TDS of up to-19,300 mg/L.
Somie results of these chemical reactions are: (a) acid hydrolysis of plagioclase and biotite as the prinicipal
origin of ground-water salinity, (b) enriched Ca/Na ratios by selective reaction of the more calcic centers of
zoned plagiociase, (c) high lithium concentrations related to biotite reaction, and (d) high' Ci
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concentrations as a result of hydroxyl exchange for Cl in the biotite interlayer (Edmunds and others,
1987). :

Evaporation from a shallow water table (within three or four feet of land surface) can lead to high salt
concentrations in soils. This is known to have occurred in the San Joaquin Valiey of California. There,
ground-water salinity in Coast Range alluvium can be correlated with high concentrations of selenium,
molybdenum, vanadium, and boron (Deverel and Gallanthine, 1989). Evaporation is the major process
that accounts for high salinities in some closed basins in the western half of the United States. Weathering
processes and selective mineral precipitations modify the chemical composition of closed-basin waters
further. Major inorganic reactions in such settings are silicate hydrolysis, uptake of CO2 from the
atmosphere and/or of sulfate from oxidation of sulfides, and precipitatldn of alkaline earth compounds'
(Jones, 1965). Concentration ratios of major chemical constituents are much less uniform in closed-basin
brines than in most deep-basin brines, the latter being nearly exclusively Na-Ca-Cl dominated. Closed-
basin brines may be (1) chloride dominated, such as those in the Bonneville Basin, (2) carbonate
dominated, such as those in Alkali Valley, Oregon, or (3) sulfate dominated, such as those of the Mojave
Desert (Jones, 1965). These differences are due to differences in inflow characteristics and precipitation
reactions although, in most instances, increased salinization (evaporation) is associated with a trend
toward Cl dominance until halite precipitation is reached. Closed-bésin brines start out by simply dissolving
readily soluble mineral compounds, such as halite. Leaching of absorbed ions or of trapped interstitial
fluids may be another process that provides dissolved minerals to the water. Silicate hydrolysis and
subsequent evaporative concentration is the source of some of the high carbonate contents. Other
processes that subsequently change the composition of the waters are: mixin_g with other water types,
002 addition by organic activity at iake bottoms or interstitially in lacustrine sedimehts, anaerobic decay of
organic matter, and loss of sulfate (Jones, 1965). As the waters increase in concentration due to
evaporation, precipitation reactions induce major changes to concentrations of individual ions. Calcium
carbonate precipitates first, followed by gypsum, and finally by alkali salts. These processes can happen
simuitaneously, as described by Hunt (1960) and Jones (1965) for the Death Valley salt pan. There,
carbonates precipitate in the outermost areas, sulfates in the intermediate zones, and chlorides at the
center. ..

Ground-water evolution in closed basins may be similar to any other evolution along the flow path,
from a low-TDS, Na-Ca-HCOg recharge water to a high TDS, Na-Cl watér, as a result of reactions such as
calcite dissolution and precipitation, cation exchange on clay minerals, and evaporation in discharge areas
near the center of the basins. In discharge areas, mixing between this recharge water and brine may
induce radical changes in the water type. Boyd and Kreitler‘(1986) demonstrated the geochemical
gvolution of a Ca-SO4 recharge water to a Na-Cl brine in a gypsum playa in West Texas (Fig. 12). Brine
evolution included precipitation of calcite, gypsum, and dolomite.
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Figure 12. Geochefﬁical composition of ground water in a gypsum playa, West Texas. ‘Ground water
evolves from a Ca-SOy4 type in recharge areas to a Na-Cl type in discharge areas (salt flat) (from Boyd and
Kreitler, 1986). '
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In many areas of the United States, hydrothermal waters are found close to or at land surface. In some
cases, these waters are high in mineral content as a result of increased mineral reactions at elevated
temperatures and at large depths from which these waters originate. Stable isotope compositions in most
geothermal systems have been found to reflect recharge of local meteoric waters, modified by one or
more physical or chemical processes (Truesdell, 1976; in Welch and Preissler, 1986). One of these
processes may be evaporation at land surface prior to infiltration, as reported by Welch and Preissler
(1986) for Bradys Hot Springs, Nevada. '

3.1.3. Examples of Geochemical Studies of Natural Saline Ground Water

In a case of salt-water intrusion from a single potential source of salt water, Sproul and others (1972)
used chloride concentrations and temperature values to identify deep, artesian salt water as the source of
intrusion in parts of Lee County, Florida. Upward flow in that area is possible through either abandoned,
open boreholes or along natural fault and fracture systems. Similarly, Wait and Gregg (1973) identified
inflow of saline water in the Glynn County area of Georgia by an increase in chioride concentration from
average background levels of 23 mg/L. to several hundreds of mg/L. There, heavy pumpage from shallow
fresh-water zones was the cause of intrusion. Sowayan and Allayla (1989) identified progressive
concentration (evaporation) as the source of saline water in a part of Saudi Arabia by plotting sodium
concentrations versus chioride concentrations. This was indicated by a slope of near unity and the general
absence of other possible salt-water sources, such as brines, evaporite deposits, or geothermal springs.

In parts of West Texas, natural and anthropogenic salinization so'urces are common. Some of the
anthropogenic sourcas are associated with oil- and gas-field operations or agricultural techniques while
natural salinization is associated with shallow evaporite deposits, discharge of saline formation water, and
high evapotranspiration rates. Richter and Kreitler (1986a,b) and Richter and others (1990) used major
cations and anions, the minor constltuents Br and 1, and the lsotopes oxygen-18, deutenum and
sulfur-34 to distinguish between these sources. Oxygen-18 and deuterium concentrations separated
local recharge from nonlocal recharge (Fig. 13) and Br/Cl and Na/Cl ratios separated natural halite solution
from deep-basin discharge. These two sources also were differentiated clearly by other constituent ratios,
such as I/Cl, Mg/Cl, K/Cl, Ca/Cl, and (Ca+Mg)/SO4 (see also chapter 3.2). The same constituents have
been used in Oklahoma and Kansas to differentiate natural halite solution from oil-field brines (for
example, Ward, 1961, Leonard, 1964, Whittemore and Pollock, 1979, Gogel, 1981, and Whittemore,
1984, 1988). The concept of local and nonlocal recharge reflected in oxygen and hydrogen stable
isotopes was also used by Banner and others (1989). Isotopic concentrations in saline waters of central
Missouri are much lkighter than typical for Missouri rain water, which suggested a source further to the west.
According to Banner and others (1989), the Front Range of Colorado is the most likely area of recharge for
these waters. This recharge water picks up high sait contents from Permian salts (indicated by Br/Cl ratios)
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underlying Kansas and finally mixes with fresh water near discharge areas in central Missouri. Ancient sea
water or intensive interaction of ground water with aquifer material were preciuded by these authors as
possible sources of salinity because isotopic compositions of 875r/88Sr and 144Nd (Neodymium) in
ground water were significantly different from those in Paleozoic sea water and in local host rock. Bivariate
plots of Br/Cl were also used by Morris and Bush (1986) in combination with plots of I/Cl and B/Cl to
identify deep formation water as the source of salt-water contamination in parts of Arkansas (Fig. 14).

Lioyd and Heathcote (1985) demonstrated the use of strontium and iodine concentrations for
differentiating saline ground water in the Lima Basin alluvial aquifer, Peru. Saline water derived from sea-
water intrusion plotted on a dilution line between ocean water and alluvial water (Fig. 15). Waters that plot
off this dilution line are associated with inflow from saline aquifers. One of these is characterized by Sr
enrichment and the other is associated with iodine enrichment.

Saline playas and gypsum flats are natural discharge areas of closed basins in many parts of the
waestern United States (Boyd and Kreitler, 1986). They also occur elsewhere, such as in the Murray Basin
of southeastern Australia. Saline ground water in that area, ranging from 20,000 mg/L to 50,000 mg/L
TDS, appears to be relict sea water with changes in concentrations reflecting local recharge/discharge
conditions (Macumber, 1984). Concentrations increase due to evaporatioh at three major discharge
points (Fig. 16a). Under these iake basins, ground water salinity also increases as the heavy brines
recharge from the lakes. The similarity to sea water is preserved in these waters with little changes in
concentration ratios. Brine under these lakes will continue to accumulate and spread beneath the less
saline water in these basins until a massive inflow of fresh water changes the concentrations of the brine
lakes (Macumber, 1984). Similarly, dissolved solids concentrations in saline springs and lakes on the
Southern High Plains of Texas and New Mexico are the result of evaporation of shallow ground water
rather than discharge of saline water from deep brine aquifers, as indicated by constituent ratios of CUBr,
Na/K, and CI/SO4 being consistently smaller in evaporated waters than in deep-basin brines (Wood and
Jones, 1980). Salinities increase in lakes and springs as surface water evaporates, and percolation water is
recycled from the lakes to the springs (Fig. 16b). Locally, ground water in the Ogallala Formation of the
Southern High Plains is affected by these evaporated waters, but also by oil-field brines. Salinization by
these two sources can be differentiated through the use of salinity diagrams (Fig. 17), as evaporative
waters are characterized by Na-SO4 waters in contrast to high-TDS, Na-Cl facies typical for oil-field-brine
affected water (Nativ, 1988). ~

The distribution of natural salinity in shallow ground water reflects the geomorphology and hydrology
of the system, such as in alluvial fans in the western San Joaquin Valley of California (Deverel and
Gallanthine, 1989). Lowest salinities were found in the upper and middle fan areas and highest saliniti_es‘
(greater 5,000 mg/L. TDS) in the lower fan areas and at the margins of the fans where fine-grained soils are
poorly drained. Historically, soils associated with ephemeral streams received less water and less flushing
than larger intermittent streams and, therefore, were more saline. Leaching of soil salinity by irrigation
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Figure 15. Separation of different ground-water origins using the strontium-iodide relationship in ground
water. Data shown are from the Lima Basin alluvial aquifer, Peru: Group | water is associated with alluvium;
Group [l water antars the alluvium from Jurassic sediments; Group [l water enters the alluvium from
granodiorites; Group IV water results from sea-water intrusion (from Lloyd and Heathcote, 1985).
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Figure 16. Ground-water flow directions (arrows) and salinities (in percent) in parts of (a) the Murray Basin,
southwest Australia, (from Macumber, 1984) and (b) at saline lakes, Southern High Plains of Texas (from
Wood and Jones, 1990). Evaporation at major discharge sites and mixing causes TDS increases along the
flow path. -~ . o , . .
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water was the primary process that iniiially formed shallow, saline ground water. Subsequently,
evaporative concentration caused further increases in salt content. This evaporative trend is illustrated in a
plot of §180 and 5D, which shows that samples collected at the lower fan areas are the most enriched
ones (Fig. 18a). Waters with the highest salinities in the area are of the Na-SOg4 type (Fig. 18c), with sulfate
concentrations controlled by gypsum precipitation, as suggested by saturation indices (Fig. 18b).

Geothermal spring water in Churchill County, Nevada, is of local, meteoric origin as indicated by 81 8O
and 3D values (Fig. 19) (Welch and Preissler, 1986). Salinization caused by evaporation is suggested by a
shift toward oxygen and hydrogen isotope enrichment. This evaporation trend was also indicated by a
uniform Br/Cl ratio. Of the minor constituents Ba, B, Br, F, Pb, Li, Mn, and Sr tested, bromide is largely
controlled by evaporative concentration, whereas barium, fluoride, lead, and manganese are controlled by
mineral phases such as barite, fluorite, cerussite, and rhodochrosite, respectively. Boron, lithium, and
strontium may be ipdicaiors of the presence of hydrothermal waters, as concentrations are higher in the
higher temperature samples (Welch and Preissler, 1986). y '

Saline grdund water trapped in portions of aquifers since deposition or sihce\ subsequent salt-water
intrusion generally does not contain any tritium because of the tritium isotope’'s short half-life of only
12.4 years. Anthropogenic sources of sait, such as road salt, in contrast, may contain measurable
amounts of tritium, as these salts are dissolved and flushed into aquifers by modern precipitation. This
relationship was used by Snow and others (1990) to distinguish trapped sea water from road-salt
contamination in the coastal wells of Maine.

3.1.4. Significant Parameters

Most of the salinity sources described in this report occur naturally at some place or another, where
they mix with fresh ground water. In other cases, mixing of naturally saline water with fresh water is initiated
or facilitated by anthropogenic activities, such as heavy pumpage of fresh water, drilling through fresh-
water and ~salt-wéter bearing zones, or disposal of produced water. In most instances, chemical
characteristics will not differ significantly between natural mixing of fresh and salt water and ar;iﬁcial mixing
of the same salt water with fresh water. Therefore, significant parameters for identification of natural
salinization are the same as those for any individual source discussed in the following sectioris.

Salinization is generally indicated by an increase in chloride concentration. If this increase is
substantial and occurs suddenly and is localized, a nonnatural mechanism and source should be
suspected. However, if the charige is subtle and of regional scale, a natural mechanism or source may be
responsible. o o | _

The stable isotopes Oxygen-18 and deuterium are generally useful to distinguish between local
precipitation water and water that is derived from a nonlocal source and identify evaporation of local
recharge water. Molar ratios of major chemical cbnstituents. such as Na/Cl, Ca/Cl, and Mg/Cl, can be used
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Figure 18. Natural salinization of ground water in parts of the San Joaquin Valley of California, controlled by
(a) evaporation and (b) gypsum saturation, resulting in (c) a shift from low-TDS mixed-cation mixed-anion-
type water to high-TDS, Na-SO4 water (from Deverel and Gallanthine, 1989).
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Figure 19. Stable-isotppe compositioh of ground water affected by evaporation, causing enrichment in
oxygen-18 and deuterium as salinity increases. Chloride ranges: A <50 mg/L; 910 <B <1,600 mg/L;
3,500 <C <3,700 mg/L; D = 4,200 mg/L {(modified from Welch and Preissler, 1986).
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to differentiate an evaporation trend (1:1 slope) from a mixing trend (typically not a 1:1-slope). Mixing
trends can be evaluated best using the most conservative constituents dissolved in ground water, that is,
chloride and bromide. These constituents are often useful to: not only identify the mixing source of salinity
(see also chapters 3.2 through 3.7), but also to estimate the mixing ratio (see also chapter 6.1).

Mixing of fresh water with naturally saline ground water or evolution of ground water toward higher
salinities, as opposed to mixing with road-salt solutions, mixing with brine along boreholes, or disposal of
produced oil-field brine, can be expected to be a relatively slow process during which the water has time to
react extensively with the aquifér matrix. Therefore, saline ground water in its-natural environment will
reflect conditions of chemical equilibrium more closely than artificially induced mixtures of fresh water and
saline water. This may be used to distinguish natural mixing or evolution from induced mixing. - -

3.1.5. State-by-State Summary

Natural saline ground water underlies nearly every state at some variable deoths (Fig. 1). Where
fresh-water aquifers are plentiful or where ground-water usage is Iow little may be known about the base
of fresh water. In other areas, in contrast, lack of usable water and, with it, heavy dnlhng in an attempt to find
water has helped to define the interface between fresh and saline water remarkabiy weli The tollowrng
sections taken entirely from miscellaneous published sources deai wrth the occurrence ot salme ground
water on a state-by-state basis.

Alabama: Saline ground water is found at shailow depths in the north north-centrai and
southwesternmost parts of the state. TDS exceeding 3,000 ppm occur in southern Lowndes County,
southwast of Montgomery, and in western Clarke and northeastern Washington Counties including a well
’reported to contain between 10,000 and 35,000 ppm in southeastem Choctaw County (Feth and others,
1965). Depth to saline ground water exceeds 1,000 ft in the remainder ot the state, rncludmg the Gulf
Coast (Feth and others, 1965). Natural salinization in southwest Alabama is due fo bnne mrgratron along
faults, affecting all major aquifers in that area (Slack and Planert, 1988) In Green County, wells in the
Gordo and McShan Formations furnish water ranging from 4 to 3 700 mg/L CI and’ 3 8 to 2, 560 mg/L
respectively. Many of these wells are tlowing at land surface

Arizona: Shallow saline ground water (TDS>1 000 ppm) is found in the northeastern and
southwestern part of the state, including TDS greater than 35,000 ppm at depth of 500—1,000 ft in the
Puerco River drainage east of Holbrook. TDS in ground water between 1 000 and 10 000 ppm occur
along the Gila River, and between 1,000 and 3,000 ppm aiong the Colorado River of southwestem
Arizona at depths less than 500 ft below land ‘surface (Feth and others, 1965).

Water quality in many streams deteriorates in downstream direction. Otten mineral springs
contribute large amounts of dissolved solids to the streams such as those near the mouths of Chevelon
and Clear Creeks near Winslow, where TDS ooncentratrons of up to 4,000 ppm are recorded in the Lrttie

38



Colorado River. Concentration greater than 6,000 ppm have been measured in the Gila River, in part due
to inflow of saline tributary water, such as those from San Francisco River, which in turn receives saline
water of up to 9,000 ppm from Clifton Hot Springs (Krieger and others, 1957). Over 200 tons of dissolved
solids are discharged daily into the Sait River by three major springs that originate in the Mogollon Rim in
central and east-central Arizona (Fuhriman and Barton, 1971). At Phoenix, the Salt River carries
approximately 500,000 tons of sait per year (Skibitzke and others, 1961). _

_ Most of the ground-water basins in the Salit River Valley are overdeveloped and yield water which is
mineralized, with TDS exceeding 3,000 mg/L in many wells. Highest salt concentrations are often found in
the center of heaviest ground-water usage; maximum vaiues exceed 7,000 mg/L. The deeper aquifers
usually are of better water quality than the shallow.aquifers. Improperly abandoned deep wells can lead to
pollution of these deep fresh waters by shallow saline water depending on the head difference between
them. Mineralization is high in the San Pedro, Willcox, and Safford subbasins within the Upper Gila River
and adjoining Mexican drainage. TDS as hrgh as 5,000 ppm have been reported from wells in the Palomas
Plains. Highly mineralized ground water in the Colorado River Basrn of southwestern Anzona can be found
in the Ranegrass Plain (TDS up to 4,000 ppm) and in some wells in the Yuma area (TDS up to 5,000 ppm)
(Fuhriman and Barton 1971) ln the Safford Valley, ground-water salinity has lncreased from 1940
through 1972 as a direct result of predommantly pumping-induced aqurfer leakage other factors
'contnbutrng to the salinity are natural recharge to the water table by saline water, vertlcal flow of artesian
ground water through saline lacustrine beds, and agricultural recharge waters (Muller 1974)

Natural mrnerahzatlon in areas of low precipitation and naturally restricted dramage is the most
common ground-water quality problem in Arizona Leaching of highly saline soils and rocks accounts for
most of the salinity problems (Smith, 1989) Of the total irrigable area of 1 565 000 acres, approximately
25 percent (398,830 acres) were considered saline or alkaline in 1960 (Fuhriman and Barton 1971).

Arkansas: Saline ground water (TDS>1,000 ppm) underiies Arkansas at shallow depth (<500 ft
below land surface) within a narrow zone that extends from the northeastern to the southwestern part of
the state. To the east of this zone, saline ground water is restncted to depths mostly greater than 1 000 ft
below land surface. Another shallow zone of saline water is located in westemmost Arkansas including all
of Sebastian and Crawford Counties and parts of Logan and Franklin Counties (Feth and others, 1965).

Lateral movement of saline water into fresh water by updrp mlgratlon resultlng trom pumping was
detected in areas of eastern and in the Sparta Aquifer in southem Arkansas (Newport 1977; U.S.
Geological Survey, 1984) In the Brinkley area, approximately 56 mi2 of the alluvral aqurfer have been
contaminated by sait water from underlying saline formations (Morrls and Bush 1986) Artesian upward
movement of salt water in this area is enhanced by |rngat|on and water-supply pumprng A chlonde
:concentration greater than 50 mg/it. was considered indicative of salt-water contamlnatlon and was used
for mapping of cortaminated areas by Momsand Bush (1986).
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Californla: Isolated areas of shallow saline ground water (TDS>1,000 ppm at depth less than 500 ft
below land surface) occur in many parts of the state, including major areas such as the San Joaquin Valley,
the Colorado River Basin, and most of Imperial County. TDS in excess of 10,000 ppm are reported from
closed basin lakes in the southeast (Feth and others, 1965). Saline lakes in California include from north to
south (located mostly along the California-Nevada/Arizona state lines): Surprise Valley, Honey Lake,
Pyramid Lake, Lake Tahoe, Mono Lake, Saline Valley, Owens‘Lake.,vSeades Lake, Soda Lake, Bristol Dry
Lake, Cadiz Lake, Danby Lake, and Salton Sea (Hardie and Eugster, 1970). _

Approximately 33 percent (3,745,000 acres) of California’s total irrigable land was considered saline -
or alkaline in 1960. Maximum TDS concentrations in mg/L at selected locations throughout California as
reported through 1965 were: Ukiah Valley, 1,280; Santa Rosa, 560; East Bay (San Francisco), 4,100;
South Bay (San Francisco), 1,750; Livermore Valley, 4,700; Petaluma Valley, 19,760 (sea-water
Intrusion); Napa Valley, 1 840 'Sonoma Valley, 660; Suisum-Fairfield Valley, 2,560; Pajaro Valley, 1,310
(TDS>5,000 in areas of sea-water intrusion); Gilroy-Hollister Basin, 1,480; San Luis Obispo Hydrologic
unit, 3,024; Carrizo hydrologic unit, 10,460; Santa Maria-Cuyama hydrologic unit, 5,088; San Antonio
hydrologic unit, 4,070; Salinas Valley, 3,134; Carmel Valley, 729; Paso Robles Basin, 3,280; Santa Yrrez
hydrologic unit, 21,800; Santa Barbara hydrologic unit, 2,487; Mission Basin, 13,930; San Dieguito
Valley, 27,402; Tia Juana Valley, 4,680; Oxnard Plain area, 33,180; Waest Coast Basin, 41,397; East
Coastal Plain, 41,800; Main San Gabriel Valley, 1,140; Chino Basin, 1,417; Perris Vélley, 11,620; San
Joaquin Coumy, 3,840; San Joaqurn Basin, 6,400 (connate water?); and Tulare Basrn 6,450 (Fuhnman
and Barton, 1971)

Mineralized hot springs contribute to the salinity in the North Lahontan Basin in the Bridgeport area. :
whereas intrusion of brackish water in gravel-packed wells open to zones of variable water quahty may
pose a problem in some wells in the San Joaquin Valley (Fuhriman and Barton, 1971). Dissolved solids in’
shallow ground water from alluvial deposits along the San Joaquin River i in Fresno County vary between
less than 1,000 mg/L to greater than 15,000 mg/L. Natural salinization of soils occurred by evaporétion of
ground water at times when the water table was close to land surface. These salts were subsequently
dissolved by irrigation waters, oausing highest concentrations of TDS in those areas that‘ have been
irrigated only in the last 40 years (Deverel and Gallanthine, 1988).

To compeansate for extensive overdraft of ground water in Orange County during the 1940'3, large
quantities of Colorado River water were imported and recharged along the Santa Ana River channel. This
resulted in salinization of a substantial portion of ground water in the county due to the high TDS content
of the imported water (U.S. Environmental Protection Agency, 1973).

Saline water intrusion in southern Alameda County is due to the following mechanism: direct
movement of bay waters through natural “windows” (that is, hrgh-transmissrve zone in an otherwise low-
transmissive clay layer), spilling of degraded ground waters through wrndows in clay layer, slow percolatxon
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of salt water through reservoir roof (clay layer), and spilling or cascading of saline waters or degraded
ground water through deep wetls (U S. Environmental Protection Agency, 1973).

Colorado Saline ground water {TDS>1,000 ppm) occurs at shallow depth (<500 ft below land
surface) in the western third and in southeastern Colorado. Ground waters contammg TDS greater than
3,000 ppm underlie the state at depths of >1,000 ft in the eastern and northeastern parts (Feth and
others, 1965).

Approximately 35 percent (982,000 acree) of Colorado’s irrigable land was considered‘satine or
alkaline in 1960 (Fuhriman and Barton, 1971). ' :

Approximately 37 percent of the salt load in the upper part of the Lower Colorado River Basin is
contributed by irrigation-return flow. The other 63 percent is contributed by interaction of water with
naturally saline soils and aquifer material overlying a marine shale that contains numerous lenses of salt.
Within an area comprising 1,876 ha, approxrmatéty 51, 000 metnc tons of salt are added to the river system
by these two sources (Skogerboe and Walker 1973). ’

Delaware: Saline ground water (TDS>1 000 ppm) underlies Delaware at depth >1,000 ft except for
the coastal stiip in the southeast, where saline ground water may be found at depth <500 ft below land v
surface (Feth and others, 1965). The inland limit of saline ground water is located along the coastline in
Cretaceous rocks, falls along the western and northem borders of Sussex County in Tertiary rocks, and
stretches all the way north to the city of Dover in Pleistocene formations (Miller and others, 1974)

Brackish water occurs locally in shallow water-table aquifers in coastal areas. Some salt water is
contained in the Chesapeake Group (Mnocene) in Sussex County, and the interface between fresh and
saline water'in.‘the Piney Point Formation (Eecene) is located just north of Milford, extending to the
northeast across the state. Brackish water also exists in the Magothy and Potomac Formations
(Cretaceous) a few miles south of Middietown. Heavy pumpage near these brackish-water zones may
cause water-quality deterioration due to inflow- of saline water toward the wells. High chloride -
concentrations between 6,000 mg/L and 17,000 mg/L were measured in core samples obtained from . '
wells along the Atlantic Coast of southeastern Delaware. The depths of wells from which core samples
were obtained ranged from 5 ft to 60 ft below land surface (Woodrutf, 1969).

| Florida: A 30-mile-wide stretch of shallow saline ground water (TDS>1,000 ppm at depth <500 ft
below land surtace) extends trom St. Augustine in the north to Vero Beach in the south along the Atlantic
Coast of Flonda An nsolated occurrence of shallow saline ground water is also reported for westernmost
Flonda In contrast, saline ground water generally is found at depths between 500 and 1,000 ft in
southem Florida and deeper than 1,000 ft in the remainder of the state. In southern Florida, large
quantities of moderately saline water wath TDS less than 5,000 mg/L can be found in the Avon Park
Limestone Forrnatlon at depths greater than 1 ,200 ft below land surface. Less saline water at shallower
depths, between 300 and 1,100 ft below land surface, occurs in the Hawthom, Tampa, and Suwannee
Formatiqns (Meyer, 1971). Individual wells along the western Guif Coast in Sarasota and Manatee

41



Countigs as well as wells along the southeastern shoreline may exhibit salinities in excess of 3,000 mg/L
TDS (Feth and others, 1965). '

The Florida State Geological Survey collected information on 1,800 uncontrolled flowing wells
between 1955 and 1959. Chloride concentration in approximately 50 percent of the wells exceeded the
drinking water limit of 250 mg/L. At present, there are an estimated 2,000 to 3,000 wells that flow pbor— .
quality water in southwest Florida alone. At La Belle, upward leakage through five deep artesian wells that
were not in use and lateral movement through a subsurface water-distribution system were the probable
sources of contamination of the shallow aquifer over a broad area (Miller and others, 1977). '

The chemical composition of ground water in the Floridan aquifer of coastal southwest Florida -
changes from a fresh Ca-Mg-HCOg type water in the upper, upgradient areas to a similar fresh Ca-Mg-SO4
type water in the deeper, more permeable, dolomitic zone, and finally to a highly saline Na-Mg-Cl type
water in the downgradient areas. Water-quality degradation can occur in areas of high pumpage such as
the Verna well field in northern Sarasota County (Steinkampf, 1982).

Vertical migration of saline water along a deep, abandoned irrigation well at Highland Estates caused
chloride increases in the shallow aquifer and in some water wells from background levels of 20 mg/L to
contamination levels of 590 mg/L (Boggess, 1973; Miller and others, 1977). '

Georgla: Saline ground water (TDS>1,000 ppm) underlies the southern half of the state at depths
exceeding 1,000 it (Feth and others, 1965).

Locally, salinization occurs due to flowing, abandoned wells (Clarke and McConnell, 1988). intrusion
of saline water at Brunswick is caused by upward migration of brines through faults and fractures in’
response to the daily withdrawal of 105 million gallons by industry and municipalities. In one test well,
chloride concentration increased from 4,400 to 7,000 mg/L during the past 10 years (U.S. Geological
Survey, 1984).

Idaho: Isolated occurrences of shallow saline ground water (TDS >1,000 ppm at depth <500 ft) are
reported from wells in the Snake River Basin of southem Idaho and in the southern part of Oneida County
in southeast 1daho (Feth and others, 1965). '

Thermal water occurs at many locations at depths greater than 400 ft below land surface. Maximum
chloride concentration in nonthermal valley-fill aquifer is 3,900 mg/L (Pariman, 1988).

lliinols: Saline ground water of TDS>1,000 ppm underlies central and southern lllinois at depths
less than 500 ft below land surface (Feth and others, 1965). Saline water from the Mt. Simon aquifer may
leak into shallow fresh-water aquifers due to overpumping (Atkinson and others, 1986). :

indlana: The entire state of Indiana is underlain by saline ground water (TDS >1,000 ppm) at
depths less than 500 ft below land surface. Individual wells have been reported supplying water
containing between 3,000 and 10,000 ppm of TDS (Feth and others, 1965).

Ample rainfall in the state prevents overpumping of shallow aquifers which reduces the potential of
salt-water intrusion. However, a leaky aquifer in Knox County has caused salinization of fresh ground water
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(Atkinson and others, 1986). In the Mt. Vernon-West Franklin area, upward flow of saline water through
fault zones into fresh water was caused by overpumping of the fresh-water aquifer (Newport, 1977). Near
Vincennes, saline water has moved up through bedrock fractures into the bottom of the glacial outwash
aquifer near the municipal well field, endangering future water supplies if pumpage increases more than
fourfold (Shedlock, 1978). . . , ‘ S o o
lowa: Except for the northeastern part, all of lowa is underlain by saline (TDS between 1,000 to-
3,000 ppm) to very saline (TDS between 10,000 to 35,000 ppm) ground water at depths less than 500 ft
below land surface (Feth and others, 1965). Despite this shallow occurrence of saline ground water,:lowa
does not currently experience salt-water intrusion, but the potential of contamination from shallow saline
water in response to.intensive pumping exists (Newport, 1977; Atkinson and others, 1986). In glacial drift
aquifers underlying Wayne County; TDS concentrations range up to 3,600 mg/L in wells as little as 100 ft.
deep (Cagle, 1969).. ‘ Co ‘ RS :
Kansas: The eastern half of the state is underiain by ground water containing TDS greater than -
1,000 ppm at depths less than 500 ft below land surface. Concentrations in excess. of 10,000 ppm occur
locally, and are widespread in.central and south-central Kansas (Feth and others, 1965). Natural- -
salinization of Kansas' surface water is derived principally from salt springs, salt marshes, and direct contact
with saliferous geologic formations. Major sources of saline water occur in a 150-mile-wide band that
stretches across the central part of the state from the southern to the northern border (Krieger and others; * -
1957). Sait-water intrusion has been reported in Sedgwick, Reno, Hawey,:MCPherson, Saline, Dickinson,
Seward, and Meade Countigs. Salinization problems are especially. serious in outcrop areas of the -
Wellington Formation along the Solomon and Smoky Hill Rivers (Atkinson and others, 1986). - - ’
.- Natural intrusion of mineralized water is occurring in central Kansas from Permian Redbeds, the . -
Wellington Formation, and the Dakota and/or Kiowa Formations. A prominent examplé of chloride and -
sulfate intrusion from the Dakota and or Kiowa Formations is along the Smoky Hill and Saline Rivers in
Russell County. The Wellington Formation contains abundant beds of gypsum and a thick bed of halite-
which pose problems from Ottawa-Dickinson Counties to the south. The salt bed (Hutchinson: Salt
Member, up to 350 ft thick)-is dissolved easily by circulating ground water. The most damaging effects
from salt dissolution are along the Smoky Hill and Solomon Rivers in eastern Saline and western Dickinson -
Counties and the Belle Plain area in Sumner County on the Ninnescah and Arkansas Rivers and the Slate
and Salt Creeks. Certain zones of the Permian Red Beds contain salt and gypsum which is easily -
dissolved by circulating ground water. Surface streams and ground water contaminated by this source are
found along the lower raaches of the Rattlesnake Creek in Stafford and Reno Counties and along the

South Fork Ninnescah River in eastem Pratt and western Kingman Counties. Ten minor areas of sait-water .

intrusion occur along (1) the Solomon River in Mitchell and Cloud Counties (for example, Waconda Spring -
west of the city of Beloit), (2) Salt Creek in Mitchell and Lincoln Counties, a tributary of the Solomon River,
(3) Buffalo Creek in Jewell.and Cloud Counties, (4) Salt Creek and Marsh Creek in Republican County, -
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(5) the Cottonwood River in Marion County, (6) the Medicine Lodge River.in Barber County, (7) the Salt

Fork Arkansas River in Comanche and Barber Counties, (8) the Cimarron River in Meade County, (9) the

Crooked Creek in Meade County, and (10) Cow Creek in Reno and Rice Counties (Hargadine and others, -
1979). 7 : ,

In the area south and west of Salina, fresh water moves down through collapsed and brecciated
shales to recharge the Wellington aquifer, dissolving halite within the Hutchinson Sait Member. The
resulting brine then moves northward beneath the Smoky Hill River Valley to the Saline:River Valley.
Upward discharge of brine occurs through collapse structures in an area from about three miles east of
Salina to just east of Solomon, where the potentiometric surface of the Wellington aquifer is above the
water table in the alluvial aquifer. According to landowners, the interface between fresh water and saline
water in the alluvial aquifer along the Smoky Hill River in northern Saline County is about 35 ft below land
surface. Chloride concentrations of 48,000 mg/L at 94 ft depth and of 180,000 mg/L. in gypsum cavities at -
112 ft have been reported. A relatively impervious shale separates the shallow fresh-water unit from the

deeper brine unit except for areas of collapse and brecciation caused by-salt and: gypsum dissolution

(Gillespie and Hargadine, 1981). Major rivers affected by these saline ground-water discharges include the

Smoky Hill near Salina, the Arkansas, Ninnescah, Saline, and Solomon Rivers. Increased pumpage from

the principal afluvial aquifer in central Kansas (“Equus beds™) could cause inflow of mineralized water from .
{he Arkansas River into the aquifer (U.S. Geological Survey, 1984). . :

Approximately 24 percent (102,000 acres) of all the irrigable land.in Kansas was considered saline or
alkaline in 1960 (Fuhriman and Barton, 1971). -

Kentucky: Most of Kentucky, with the exception of its easternmost parl is underiain by shallow
saline water, that is, ground water containing TDS concentrations greater than 1,000 ppm underiie the
stale at depths less than 500 ft below land surface (Feth and others, 1965).

Loulslana: Shallow saline ground water (TDS>1,000 ppm) can be found along the Gulf Coast-and
in northeast and central Louisiana (Feth and others, 1965). Sea-water intrusion has occurred all along the .
coastal shores of Louisiana. In addition, the cities of Lake Charles, Baton Rouge, and New Orleans have
experienced severe cases of salt-water intrusion due to high pumpage of ground water. Shallow saline -
water appears to be associated with sait-dome provinces. Shallow saline water also occurs along the ..
northeastern part of the state in the Mississippi River alluvial aquifer (Atkinson and others, 1986).

During periods of low flow tidal water invaded fresh-water aquifers in the Vermillion River area
(Newpont, 1977). In southwestern Louisiana, saline water is moving landward and updip in the Chicot
aquifer, and, in the Baton Rouge area, saline water is moving across fauits toward municipal wells
(Whiteman, 1979; U.S. Geological Survey, 1984). Shallow salt water also occurs in Pleistocene delta
sediments that may not yet be flushed.
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Maine: Overpumping has resuited in intrusion of tidal estuary waters into local aquifers south of
Augusta, in Kennebec and Sagadahoc Counties. Several domestic water wells have been affected by
salt-water intrusion whereby the problem fluctuates with time over the year (Atkinson and others, 1986).

A 300-ft-deep well producing from the bedrock aquifer near the town of Bowdoinham, Sagadahoc
County, was contaminated by salt water from the tidal reach of the Kennebec River, resulting in
abandonment of the well (Miller and others, 1974).

Maryland: Shallow saline ground water (TDS>1,000 ppm) occurs in the southern half of the
Chesapeake Bay peninsula (Feth and others, 1965). The inland limit of saline ground water in coastal plain
aquifers are along the coast for the Cretaceous aquifer, along a line from Dorchester to the southwestern-
state-line corner with Delaware in the Tertiary aquifer, and along a line parallel to the Chesapeake shore
along the shore in the south and approximately half way between the shore and the Maryland-Delaware
state line in the north, crossing the state line just north of 39 degrees latitude (Miller and others, 1974).
Downdip portions of coastal aquifers contain natural salt water (Wheeler and Maclin, 1988). -

Michigan: A zone of moderately saline ground water (TDS between 3,000 and 10,000 ppm)
underlies most of the eastern pant of the state along Lake Huron to Lake Erie. Saline ground water
(TDS>1,000 ppm) underlies the remainder of the Michigan peninsula at variable depths of less than 500 ft
to more than 1,000 ft below land surface. Saline ground water is also encountered at shallow depth along
Lake Michigan and the western shore of Lake Superior (Feth and others, 1965). Higher TDS in ground
water occurs in the eastern part of the state, where more water is produced from bedrock équifers‘. The
average depth to saline ground water along Lake Erie, Lake St. Clair, Lake Huron, and néar Saginaw Bay is
200 ft. ' R

Pumpage has resuited in upward intrusion of saline water from deep bedrock into glacial aquifers at
various places throughout the state. This problem has been aggravated locally by leaky well casings
(Newport, 1977). Saline water in predominantly shale and silty shale of the Saginaw Formation underlies
glacial deposits at shallow depths in the area of Bay County, in the east-central part of Michigan's Lower
Peninsula. Chiloride concentrations increase markedly to several thousand mg/L in many wells deeper
than 100 ft below land surface. Abandoned coal mines in the area may contribute to mixing of‘deep, saline
water and shallow, fresh water, but do not constitute a major source of water-quality deterioration (Twenter
and Cummings, 1985). - ' ‘ ‘

- Many salt seeps and salt springs occur in the state (Krieger and others, 1957). Natural brines are
produced from rocks of the Detroit River Group at Manistee and Ludington in the western part of the state,
and at Midland, St. Louis, and Mayville in the eastem part of the state (Sorensen and Segall, 1973).

- Minnesota: Shallow saline ground water (TDS>1,000 ppm) has been reported 'alopg the western
border, from the northeastern part (along the shore of Lake Superior), and the southwestern and
southeastern parts of the state (Feth and others, 1965; Albin and Breummer, 1988). In northwestern
Minnesota, mineralized ground water discharges from Ordovician and Cretaceous bedrock. Pumping from
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glacial aquifers in this area has caused upward intrusion of saline water from these deep bedrock aquifers
(Newport, 1977). Natural discharge occurs from the Red River-Winnipeg aquifer, degrading water quality
in overlying alluvial deposits and in the Red River of the North. Chloride concentrations of up to
46,000 mg/L have been reported from wells along the shore of Lake Superior (Albin and Breummer,
1988).

Mississippl: Saline ground-water generally underlies the state at depths of more than 1,000 ft
below land surface (Feth and others, 1965). Geohydrologic data indicate that most of the principal aquifers
of the state praeviously contained salt water. This sak water was later partially replaced by fresh water but still
occuplies downdip portions of these aquifers (Bednar, 1988). ,

Missourl: Saline ground water containing more than 1,000 ppm TDS underlies the northern one-
third of the state at depths less than 500 ft below land surface. This includes an area of very saline water
(TDS from 10,000 to 35,000 ppm) that stretches from Clay County in the west to Marion County in the east
(Feth and others, 1865). The intrusion of natural salt-water from saline formations into shallow fresh water
is spreading from the northwestern part of the state toward the south (Atkinson and others, 1986).
Intrusion of brackish water in response to ground-water withdrawal has occurred in Bates, Barton, and
Vemon Counties (Carpenter and Darr, 1978).

The history and flow path of saline ‘ground water in central Missouri has been suggested to be
(1) meteoric recharge in the Front Range of Colorado, (2) dissolution of Permian halite in the subsurface
of Kansas, (3) interaction with predominantly silicate mineral assemblages in Paleozoic strata, (4) dilution
and migration to shallow aquifer levels in central Missouri, and (5) mixing with local meteoric recharge
through Mississippian carbonates (Banner and others, 1989).

Montana: Most of the eastern half of the state is underlain by saline water (TDS>1,000 ppm) at
depths less than 500 ft below land surface. Locally, TDS concentrations exceed 10,000 ppm (Feth and
others, 1965). Maximum TDS concentrations in the glacial-deposits aquifer are 30,000 mg/L ‘and in the
Virgelle aquiter 5,100 mg/L (Taylor, 1983).

Nebraska: Saline ground water (TDS>1,000 ppm) underlies the state at 500 to 1,000 ft below land
surface in the southeast and at greater than 1,000 ft below land surface in the remainder of the state. TDS
increase to values greater than 3,000 ppm in the southwest (Feth and others, 1965).

Sait water appears to be no serious threat to ground water in the state except for the easternmost
part where TDS up to 3,500 mg/L are reported from the Dakota Aquifer and Paleozoic rocks (Engberg and
Druliner, 1988). Taylor (1983) reported maximum TDS concentrations in the Dakota aquifer of
30,000 mgi/L. |

According to Atkinson and others (1986), local occurrences of sait-water intrusion have been
reported in Saunders, Lancaster, and Saline Counties. Saline surface water occurs in some of the
sandhills lakes in western Nebraska and in some localities in eastem Nebraska (Kiieger and others, 1957).
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Approximately 24 percent (290,000 acres) of Nebraska’s total irrigable acreage were considered saline
and alkaline in 1960 (Fuhriman and Barton, 1971).

Nevada: Saline surface water énd shallow saline ground water has been reported locally
throughout central and western Nevada. TDS concentrations vary between 1,000 ppm and 35,000 ppm
(Feth and others, 1965). As much as 42 percent (475,000 acres) of the state’s irrigable acreage is saline or
alkaline (in 1960). o

Evaporation of ground water in the many closed basins is the principal salinization mechanism in
Nevada. There are two places where TDS in ground water exceeds 10,000 mg/L; these are point sources
in the Tonopah Basin in Soda Spring Valley and Clayton Valley a few miles south and east of Walker Lake.
Seepage flows from two springs contain TDS of 15,000 and 30,000 mg/L. Water from most aquifers is
saline in the Smoke Creek Basin, the Desert Creek Basin, and the Black Rock Deserts in the lower Quinn
River Basin, as well as in the Lovelock area in the lower Humboldt River basin. Long residence time of
ground water in sediments containing large amounts of salts is the primary reason for TDS concentrations
greater than 1,000 mg/L, and whereby mineral content increases toward the center of the basins. The
areas of Carson Sink, Walker Lake, and east of Pyramid Lake contain about‘=50 to €0 percent of all the
mineralized ground water in the state. North of Lake Mead is an area of a few thousand acres that is
underlain by saline water ranging in TDS from 1,000 to 3,000 mg/L; soluble salts in the aquifers are the
most likely source of the high sait content (Fuhriman and Barton, 1971).

Closed-basin lakes of high salinity include Big Soda Lake, Pyramid Lake, Walker Lake, Winnemucca
Lake, Carson Sink, Rhodes marsh, and a closed-basin sump northeast of Fernly. The primary sources of
salt in some of these lakes probably are unconsolidated sediments in the Lahontan Valley Group, from
which highly concentrated ground water discharges into rivers and lakes (Whitehead and Feth, 1961).

Ground water in geothermal areas frequently exceeds 1,000 mg/L TDS (Thomas and Hoffman,
1988). Evaborative concentration of meteoric water before recharge and mineral-rock interactions govern
the chemical composition of thermal waters from springs and wells in the Bradys Hot Springs geothermal
area of Churchill County. The hottest water sampled at Bradys Hot Springs contained 2,600 mg/L but
concentrations of greater than 6,000 mg/L have been reported from the Desert Peak area (Welch and
Preissler, 1986).

New Hampshire: Tidal waters have intruded aquifers in the Porismouth area (Newport, 1977).

New Jersey: Saline ground water (TDS>1,000 ppm) underlies most of the southern and
southeastern parts of the state at depths at or greater than 1,000 ft below land surface. Depth to saline
water decreases toward the coast in the south and is generally less than 500 ft below land surface along
the entire New Jersey coastline (Feth and others, 1965). Two major water bodies of saity ground water are
present along the New Jersey Atlantic Coast: a shallow one in Pleistocene deposits and a deep one,
generally below the 800-ft sand. The position of the salt-water/fresh-water boundaries in those water
bodies depends on the head distribution of fresh water in the respective units (Upson, 1966). Salt water
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from tidal estuaries and bays has intruded into water table and artesian aquifers due to pumping and
dredging in the areas of Sayreville (Raritan River), Gibbstown-Paulsborough, Newark (Passaic River), -
Rahway, Camden (Delaware River), and Salem. o :

New Mexico: With the exception of isolated areas in the north-central and southwestern parts of
the state, saline ground water (TDS>1,000 ppm) underlies New Mexico at shallow depth: (<500 ft below
land surface). TDS concentrations vary considerably with local' well waters exceeding 35,000 ppm-in -
Chaves, Sierra, and Otero Counties (Feth and others, 1965). Almost all aquifers in the state contain fresh
as well as saline water. Seventy-five percent of New Mexico’s ground water is too saline for most uses
(Ong, 1988). Approximately two-thirds of the shallow ground water in storage in the eastern Tularosa
Basin is slightly saline (TDS between 1,000 and 3,000 mg/L). In the entire Tularosa Basin, possibly 180
million acre-ft of brine (TDS>35,000 mg/L) are in storage, compared to only approximately 1.4 to
2.1 million acre-ft of fresh water (Orr and Myers, 1986). More than 22 percent (191,000 acres) of New -
Mexico’s irrigable area were considered saline or alkaline in 1960 (Fuhriman and Barton, 1971). High
salinities in valley-fill aquifers are the result of recharge from saline base flow from rivers and the result of
irrigation return flows (Ong, 1988). In parts of south-central New Mexico, the potential yield ratio of usable
ground water to impotable ground water is smaller than 1:1,000 (Scalf and others, 1973).

Heavy pumpage has caused sait-water intrusion from deep, saline bedrock formations into
producing aquifers at various places throughout the state (Newport, 1977), such as in-the Roswell Basin
of southeastern New Maexico. This problem is anticipated in the future for the Tularosa and Estancia
ground-water basins (Smith, 1989). With the exception of recharge areas in the west, ground water in the
Tularosa Basin Is saline, whereby concentrations generally increase from west to east. In the Pecos River
Basin, saline water from deeper strata mixas with less saline water in shallow units (Ong, 1988). Water in
the Pecos River below Alamogordo Dam is slightly saline and of the calcium-sulfate type. Spring inflow in -
the Malaga Bend area (TDS up to 270,000 ppm) and irrigation-return flow from ‘Roswell southward
increases salinity in the river and changes the water type to a sodium-chloride type. The resulting brine
discharges at the surface along the Pecos River south of Carisbad. (Scalf and others, 1973). Ground-
water withdrawal in the Rio Grande drainage basin exceeds annual recharge by far; therefore, ground
water in storage is being depleted steadily, with an accompanying deterioration in quality (Kelly, 1974).

Naturally occurring brine mixes with fresh water in the shallow subsurface in Eddy County before
discharging into the Pecos River. To alleviate surface-water-quality deterioration, brine was pumped from
the aquifer into Northeast Reservoir (Havens and Wilkins, 1979). Brine-leakage from this reservoir added
chloride to the river and caused gradual chloride increases from an average of 140 tons per day between
1952 and 1963; 167 tons per day between 1963 and 1966, and 256 tons per day between 1967 and
1968 (Havens and Wilkins, 1979). '

Now York: Most of the central and southern parts of New York are underiain by saline ground water
(TDS>1,000 ppm) at variable depths between <500 ft below land surface and >1,000 ft below land
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surface. Saline water appears to be shallowest along Lake Ontario and adjacent to the St. Lawrence River
in northwesternmost New York (Feth and others, 1965). :

Natural saline water occurs at shallow depth in western and central New York. In northwestern
Cattaraugus County, brine moves from bedrock into shallow unconsolidated aquifers (U.S. Geological
Survey, 1984). Qil and gas seeps have been known to occur in western New York since historic time, as
documented by-stories about Indians collécting oil from the Seneca Qil spring near Cuba, New York. Other
sites of oil springs are at Freedom; Allegany County, and around Canandaigua Lake. This discharge of gas
or oil at land surface probably is too small to have contaminated water supplies; an exception to this may.be
Oil Creek near Cuba. However, salt spﬁngs that issue from Silurian rocks containing halite in western New .
York have contaminated surface and shallow ground water. Only a few of these salt-water springs appear
to be associated with oil- and-gas bearing units (Crain, 1969). Some of the Paleozoic sedimentary rocks
underlying the -glacial debris contain lenses of sait, contributing to naturally saline ground water in
Paleozoic rocks, in the overlying glacial debris, and in local springs (Fairchild, 1935; Diment and others,
1973). _

Saline water in the Jamestown area may be due to upward migration of deep saline water (from 1,500
1o 2,000 ft below mean sea level) along natural breaks in the rocks and/or along abandoned oil and gas
wells that have not been adequately plugéed. Salt beds and highly mineralized water underlie areas of
Chemung. County in western New York. Old abandoned gas wells are conduits for the upward migration of
these saline waters. Fresh-water aquifers in the area generally contain less than 10 mg/L; wells
contaminated by brines from deeper strata contain between 100 and 500 mg/L. Similar conditions may
exist in the Susquehanna River Basin (Gass and others, 1977). ‘

North Carolina: Saline ground water containing TDS concentrations greater than 1,000 ppm
occur at depths less than 500 ft along the Atlantic. Coast. The depth to saline water generally increases
inland (Feth and others, 1965). The three major aquifers of northeast North Carolina all contain salt water in
their eastern portions (Wilder and others, 1978), imposing a threat if heavy pumpage of fresh water should
occur. -

. North Dakota: The entire state is underlain by saline ground water (TDS>1,000 ppm) at depths
less than 500 ft below land surface. Concentrations of greater than 10,000 ppm occur in the northeastern .
portion of the state and in northern Burke County (Feth and others, 1965).

Artesian pressure on deep saline aquifers and saline seep are major salinization hazards. In the Red
River Valley, heads of deep saline aquifers are above land surface, resulting in the surface discharge of
saline water (Atkinson and others, 1986). In addition, pumping of fresh ground water from overlying -
aquifers has induced upward migration of saline ground water from deep aquifers in the Red River Valley
(Newport, 1977). .

Closed basins, such as the Devils Lake chain, contain slightly saline water or brine. The total surface
area of Devils Lake has decreased from 90,000 acres in 1867 to 6,500 acres in 1940, transforming the
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water to a shallow body of stagnant brine. Salt concentrations in the lake range from 6,000 to 25,000 ppm.
In the East Stump Lake, TDS ranges from 19,000 to 106,000 ppm (records from 1889-1923 and 1948—
1952) (Krieger and others, 1957). Maximum TDS concentrations in the states aquifers are: Glacial
deposits, 5,000 mg/L; Fort Union, 7,000 mg/L; Dakota, 11,000 mg/L; and Madison, 350,000 mg/L
(Taylor, 1983).

With the exception of the eastern state-border area, all land areas of North Dakota can be considered
potential saline-seep areas (Bahls and Miller, 1975). As of 1960, approximately 31 percent.(817,000
acres) of the state’s irrigable land was considered saline or alkaline (Fuhriman and Barton, 1971).

Ohlo: The entire state of Ohio is underiain by saline ground water (TDS>1,000 ppm) at depths less
than 500 ft below land surface (Feth and others, 1965). Nevertheless, upconing and intrusion of natural
salt water has not yet been a major problem (Atkinson and others, 1986). ,

Oklahoma: Almost the entire state of Okiahoma is underlain by shallow saline ground water
(TDS>1,000 ppm at depths less than 500 ft below land surface). Elevated TDS concentrations in excess
of 3,000 ppm can be found in the southwestern part of the state and in spring waters in Blaine, Harper,
and Alfalfa Counties {Feth and others, 1965).

Natural salinity and oil-field brines constitute problems in the Cimarron Terrace from Woods County
southeast to Logan County (Atkinson and others, 1986). Salt springs and seeps issuing from underlying
salt beds increase the salinity of the Cimarron River near Mocane. The salinity of the river water is
increased further in the lower reaches by natural salt beds and oil-field brines (Krieger and others, 1957).
Naturally occurring salt water in Permian rocks also accounts for ground-water salinization in an area near
Dover, Kingfisher County (Oklahoma Water Resources Board, 1975). Overdevelopment of ground water
has resulted in salt-water intrusion at many localities throughout the state. One example is the
overdevelopment from the Garber-Waellington aquifer in central Oklahoma (Atkinson and others, 1986).
Approximately 23 percent (194,000 acres) of the state’s irrigable land was considered saline or alkaline in
1960 (Fuhriman and Barton, 1971).

Oregon: Local areas of shallow saline ground water (TDS>1,000 ppm at depths <500 ft below land
surface) are reported for western Lewis, southeastern Columbia, southwestern Clark, western Multnoma,
northwestern Clackamas, central and northern Yamhill, most of Washington, and central Hamey Counties.
In addition, isolated springs and wells in the western, southern, and eastern portions of the state may
exhibit TDS concentrations greater than 3,000 ppm (Feth and others, 1965). Shallow saline ground water
can be found in valley sites near principal streams in many areas of western Oregon underlain by
sedimentary and volcanic rocks. Locally, saline ground water discharges to streams (U.S. Geological
Survey, 1984).

The majority of salt-water problems due to intrusion have occurred in the northwestern part of
Oregon. Upconing and/or lateral intrusion has been reported near Portland in Multnomah County and
near Salem in Yamhill, Marion, and Polk Counties (Atkinson and others, 1986).
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Saline lakes of Oregon include Alkali Valley, ‘Abert Lake, Harney Lake, and Summer Lake (Hardue and
Eugster, 1970).

Approximately 7 percent (103,000 acres) of the state’s irrigable area was considered saline or
alkaline in 1960 (van der Leeden and others, 1975). ,

‘ Pennsylvania: Saline ground water containing >1,000 ppm TDS underlue the western half of the
state at depths <500 ft below land surface (Feth and others, 1965).

" South Carollna: Saline ground water (TDS>1,000 ppm) underlies the eastern part of the state -
 within a belt reaching from the coast approximately 100 miles iniand in the south and 30 miles inland in the
north. Depths to saline water generally exceeds 500 ft with the exception of coastal areas in the southeast
and the northeast, where depths to saline water are less than 500 ft (Feth and others, 1965). The zone of
salt water, which extends through the center of the state from the southwest to the northeast, is
associated with salt deposits (Speiran and others, 1988). '

Heavy pumpage has caused upward and downward intrusion from layered saline aquifers and lateral
intrusion from the Atlantic Ocean in the Beauford and Charleston areas (Miller and others, 1977). it has
lowered water levels in the Black Creek aquifer to more than 100 ft below land suriace, threatening fresh
ground-water sources with the potential of lateral and upward intrusion of saline water (U S. Geologncal
Survey, 1984). '

Background concentrations of sodium and chioride in the Black Creek aquifer of Horry and
Georgetown Counties are less than 280 mg/L and less than 40 mg/L, respectively. Concentrations
greater than those may indicate mixing of sea water and fresh water. There is no indication of sea-water
intrusion caused by pumping, suggesting that deterioration of water quality is associated with vertical
migration of sait water. Residual sea water may not be flushed from downdip portions of aquifefs, resulting
in'a fairly wide zone of dispersion and diffusion (Zack and Roberts, 1988). ’

South Dakota: Ground water of highly variable quality containing between 1,000 and 10,000 ppm
TDS underlies the state at depths between less than 500 ft and greater than 1,000 ft below land surface
(Feth and others, 1965).

‘Upconing of saline water due to pumpage of fresh water aquifers has been reported at various
places throughout the state, including in the Black Hills area of southwestern South Dakota (Newport,
1977). But the major salt-water problem in the state is associated with the occurrence of saline seeps,
which exist throughout most of the northern, central, and northeastern parts of the state (Atkinson and
others, 1986). '

In 1950 it was estimated that approximately 12,000 to 15,000 artesian wells within the state leak
water into aquifers above them. Inadequately plugged test holes drilled for oil, gas, and uranium may
permit upward migration of saline water even in areas where no production is occurring. Maximum TDS
concentrations in the state’s aquifers are: glacial deposits, 10,000 mg/L; Dakota, 8,000 mg/L; Inyan Kara,
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10,000 mg/L; Sundance, 7,600 mg/L; Minnelusa, 4,300 mg/L; Madison, 120,000 mg/L; Red River,
130,000 mg/L; and Deadwood, 40,000 mg/L (Taylor, 1983).

More than 70 percent (1,196,000 acres) of the state's irrigable land surface was considered saline or
alkaline in 1960 (Fuhriman and Barton, 1971). ' ‘ ‘ ‘

Tennessee: The western two-thirds of the state are underlain by ground water containing more
than 1,000 ppm TDS. The depths to the interface between saline and fresh water is <500 ft in the center
of the state but generally more than 1,000 ft in the western part of the state. In addition, a large area of
extremely saline water, with TDS between 3,000 ppm and 35,000 ppm, underlies the midsection of the
state at depths less than 500 ft below land surface (Feth and others, 1965). No salt-water problems have
been reported in Tennessee (Atkinson and others, 1986). '

Texas: Much of Texas is underlain by saline ground water (TDS>1,000 ppm) at depths <500 ft
below land surface. Depth to saline water is somewhat greater in the southern part of West Texas, in
south-central and east-central Texas, in East Texas, and along the Gulf Coast. The occurrence and
availability of subsurface saline water in Texas were summarized for all major aquifers by Snyder and others
(1972). Included in their listings are waters with TDS greater than 3,000 ppm. Brine springs and shallow
saline ground water with TDS concentrations in excess of 3,000 ppm occur in the Rolling Plains of north-
central Texas. Other high-saline areas are along the Pecos River and the Rio Grande in West Texas.
Ground-water quality in the Salt Basin of Trans-Pecos Texas deteriorates in a northward direction, with
TDS ranging from 1,550 mg/L to more than 6,000 mg/L in the heavily pumped areas of the Dell City area
(Davis and Gordon, 1970). High-saline areas also occur locally throughout South Texas (Feth and others,
1965). In Central Texas, a zone of saline water borders the Edwards aquifer, which is a major source of
fresh water in the area, to the east of the so-called “bad-water line” (Senger and others, 1990). '

Leakage of salt water and gas from fault zones has been detected in Wood County. As a direct result
of heavy pumpage salt-water intrusion has occurred in the Wintergarden area southwest of San Antonio,
and in East Texas along the Gulf Coast.

Tributaries of the Red River contain high salt loads. The Salt Fork of the Red River and Mulberry
Creek contain high proportions of calcium sulifate derived from gypsum. The Prairie Dog Town Fork of the
Red River is highly saline with common salt and the Pease River has high sulfate and chioride
concentrations. The low flows of the Salt Fork and the Double Mountain Fork of the Brazos River are at
times slightly to moderately saline. Saline surface water is most common in western and northwestern
Texas where rainfall is low, evaporation is high, and where rock formations at the surface contain large
amounts of readily soluble minerals. Salt springs contribute to the salinity of the Colorado River above
Colorado City. Saline surface waters in the eastern and southern parts of the state often originate in the
wast or northwest or are due to oil-field brine poliution. Along the Gulf Coast sea water mixes with surface
water in the tidal reaches of the rivers, such as in the Calcasieu River channel, Calcasieu Lake, Sabine
Lake, and Lower Sabine River (Krieger and others, 1957). ’ h
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The Qgallala aquifer is contaminated by salt water downstream from every one of about 30 large
pluvial lake basins that contain saline water or saline lacustrine sediments. In some instances, saline
ground water may cover an area of several hundreds of square miles (Reeves, 1970). Saline ground water
and brine lakes occur in parts of Terry and Lynn Counties. The source of the salt water is concentrated
brine which exists in the Tahoka, Ogallala, and Cretaceous rocks of the area. lrrigation pumpage caused a
migration of the interface between fresh water and salt water, resulting in salinization of water wells and
soil'vs’in, topographically low areas where evaporation ot water-logged soils occurs. Chloride as well as
sulfate concentrations in closed drainage basins of the area range as high as 170,000 mg/L. Disposal of
brine and brine spills at a sodium-sulfate solution mining operation has contributed locally to. the
salinization of soils and ground water, but is not believed to play a major role as salinization mechanism
(Bluntzer, 1982). , ; , ,

Localized chloride contamination of Pliocene sands in Texas may be caused by casing corrosion of
active or inactive water wells, permitting flow of highly mineralized water from shallow strata to deeper
aquifers (Sayre, 1937, in Gass and others, 1977). Serious regional contamination problems may have
occurred in areas where highly pressured brine aquifers occur, such as the Rustler Formation of
southwest Texas, the Coleman Junction Limestone in west-central Texas, and the deep Miocene brine
aquifers of the Gulf Coast. Plugging of boreholes often was done by simply putting wood, mud, or rocks
into the hole and dry holes were often left uncased (McMillion, 1965).

East Texas towns, pumping from the Woodbine Formation more than 20 miles from the outcrop,
often experience TDS of 1,500-4,000 ppm in their drinking-water supplies. For example, water samples
from the town of Anna, Collin County, contained 4,112 ppm TDS (Sundstrom and others, 1948). The
source of saline water may be intrusion of brine from the Tyler Basin onto the North Texas Shelf {Parker,;
1969). , '

Heavy pumpage of imigation water has caused intrusion of highly mmerahzed river water into ground
water in the Pecos River Valley, especially in Reeves and Pecos Counties. By far ground-water withdrawal
in the Rio Grande drainage basin exceeds annual recharge; therefore, ground water in storage is being
depleted steadily wnh accompanying deterioration in quality (Kelly, 1974). The same- mechamsm of
overpumpage is responsmle for salt-water intrusion into the Beaumont clay aquifer in Brazoria County, the.
Chicot aquifer in Orange County, the Seymour Formation in Knox County, and into alluvium in Ward .
County (Scalt and others, 1973). Winslow and others (1957) estimated that the interface between fresh
and saline ground water in Harris County is moving toward the centers of heavy pumping at a speedof a. -
few hundred feet per year. .

Utah: Salinization in the state can in part be attributed to vertical movement of saline water from-

saline aquifers (Waddell and Maxell, 1988). Many areas in the western and southeastern parts of the state .

are underiain by slightly to very saline water. at depths less than 500 ft below land surface (Feth and others, - .

1965). Extensive areas of low-quality ground water-can be found in Uintah, Emery, and Grand Counties,
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and in the Price, San Rafasl, and the Dirty Devil River basins. Saline ground water in the Bear River Basin
may be caused by (a) long residence time of water in fine-grained deposits containing soluble salts, (b)
evapotranspiration, (c) recharge with saline irrigation-return water, and/or (d) lateral movement of sélihe
water from areas of large thermal springs. Highly mineralized grduhd water also underlies areas west of
Great Salt Lake (Fuhriman and Barton, 1971). Highly saline water can be found in closed-basin lakes and
their tributaries, such as Bonneville Salt Flat, El Monte Hot Spring, Great Sait Lake, Hooper Hot Spring, -
Locomotive S‘pring, Stinking Spring west of Corinne, and Utah Hot Springs. Bedded halite and gypsum
underlying the Sevier River Basin contribute to the high content of dissolved solids carried by the Sevier
River (Whitehead and Feth, 1961). Mineral springs contribute highly mineralized water to the Virgin River
below La Verkin (Krieger and others, 1957). Although these springs contribute only approximately ten
percent of the water in the Virgin River, contribution of sait amounts to 60 percent of the river's total salt
load (Thome and Peterson, 1967). ' ‘

In the western part of the state and in the Great Salt Lake area the potential of pumpage-induced
intrusion of salt water is high (Newport, 1977). Recharge from precipitation in the Northern Great Salt Lake‘
Desert is approximately 200 times higher than surface outflow to the Great Salt Lake (Stephens, 1974).
High evaporation rates in this ‘area account for briny conditions in the shallow aquifer composed of salt and
lake-bed deposits. A second aquifer in the érea, which is made up of surficial and buried alluvial fans along
mountain flanks, yiekds fresh to moderately saline water. However, the most extensive aquifer underlying
the area yields brine from 1,000 to 1,600 ft below land surface in the Bonneville Salt Flats area (Stephens,
1974). Of all the shallow, recoverable ground water in the area, approximately 75 percent are highly saline
or briny (Stephens, 1974). ‘

Streams that contribute to the salinity of the Colorado River include the Duchesne, Price, San
Rafael, Dirty Devil, Escalante, Paria, and Virgin Rivers. The principal sources of the salt content are
irrigation-return waters, natural runoff from soils developed on shale, and saline springs discharging from
the shale and other salt-bearing formations (U.S. Geological Survey, 1984). |

Mineral and thermal springs occur in fault zones along the Wasatch mountain range, along the
Hansel Valley fault in northwestern Utah, on the east side of Promontory Point, near Howell, Grantsville,
Callao, and Gandy, near Timpie at the northwestemn tip of Stahsbdry Mountains, and in Skull Valley,
(Fuhrman and Barton, 1971). ' ‘

Virginia: Saline ground water at depths less than 500 ft below land surface can be found along the
Atlantic Coast in southeastern Virginia. Depth to saline water increases to greater than 1,000 ft below land
surface in the northeastern coastal area and in the westemimost parts of the state (Feth and others, 1965).

Historic changes in chioride content of water wells are local rather than regional phenomenons. In
general, a wedge of salt water coincident with the mouth of Chesapeake Bay extends into the York-James
and southern Middle Neck Peninsula, where the greatest chioride increase (175 mg/L) was measured.
Possible sources of salt water in ground water of the Virginia Coastal Plain are natural or induced sea-water
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intrusion, incomplete flushing of marine sediments, solution of evaporite deposits, or concentration by
movement of water through clay-rich sediments (Larson, 1981). B

Washington: Some of the ooastal salme waters in the state are probably relict sea water or connate
water (van der Leeden and others, 1975). Saline Iakes in the state mclude Hot Lake Lake Lenore, and
Soap Lake (Hardre and Eugster 1970) of the total irrigable land area in the state approximately 12
percent (266,000 acres) was consrdered saline or alkaline in 1960 (Fuhriman and Barton 1971)

West Virginla: With the exceptlon of the northeasternmost part of the' state, West V:rgmua is
underlain by saline water at depths ranging from less than 500 tt below land surface in the west to
northwest to greater than 1,000 ft in the south and east (Feth and others, 1965). Salt-water contamination
has not been reported in the state but there is a potentlal for movement of residual saline water toward
pumpmg centers (Newport, 1977).

Historic records report sait and oil springs and shallow brine occurrences at various locahtxes in West
Virginia. Among these are Campbelis Creek, Kanawha County, and Bulitown, Braxton County At some
localities, salt water occurs significantly higher than fresh water, suggesting salt-water movement upward
through uncased holes and laterally into fresh-water aquifers. The town of Walton, Roane County, was
without potable water supplies for an extended period of time due to salt-water contamination (Bain,
1970).

Natural salt springs in the Kanawha Rsver valley occur near the mouth of Campbells Creek at Malden,
Kanawha County. In most areas of the western half of the state, satty ground water below major stream
valleys occurs at depths approximately 100 to 300 ft below land surface. Ground water turns from salty to
brine (CI>30,000 mg/L) at depths of 1,000' ft to 5,000 ft. In the last few decades,v salt-water migration
tovyard the land surface has beencaused by vertical leakage along hundreds of unptugged wells and test
holes. These wells had been drilled during exploration for brine, oil, gas, and coal, and cOmmonty were
abandoned uncased or improperly plugged In Fayette County, chlonde concentration of ground water
increased from 53 mg/L to greater than 1,900 mg/L within 5172 years due to fresh-water pumpage and
inflow ot sat water from abandoned boreholes. Heavy pumpage of fresh ground water from bedrock
aqunfers at Charleston caused salt-water intrusion and chloride increases from |ess than 100 mg/L to
greater than 1,000 mg/L (Wilmoth, 1972). ‘ |

Wisconsin: Saline ground water occurshat depths less than 500 ft below land surface along the
shore of Lake Superior and in some areas along the shore of Lake Michigan (Feth and others, 1965).
Heavy pumpage has caused lateral intrusion of this satine water into fresh water at various locations in the
state (Newport, 1977). ‘ |

_ Wyomlng Saline ground water underlies the state at depths rangrng from tess than 500 ft belowv
Iand surface in the southwest, center, north, and northeast to greater than 1 ,000 tt below land surface m
the southeast and scattered areas in the center (Feth and others, 1965) '
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Maximum TDS concentrations in the state’'s aquifers are: Wind River, 6,500 mg/L; Mesaverde,
16,300 mg/L; Frontier, 20,000 mg/L; Cloverly, 24,000 mg/L; Sundance, 4,700 mg/L; Nugget,
4,900 mg/L; Casper, 9,600 mg/L; and Tensleep, 280,000 mg/L (Taylor, 1983). The average TDS load of
the Green River has increased from 410,000 to 612,000 tons per year (49 percent) at a time during which
the average streamflow has increased by only 5 percent. Saline-water seeps and irrigation-return flows in
the Big Sandy River account for the increase in salinity (U.S. Geological Survey, 1984).

About 22 percent (280,000 acres) of the state’s irrigable land was considered saline in 1960
(Fuhriman and Barton, 1971).

3.2 Halite Solution

3.2.1. Mechanism

Many sedimentary basins in the United Sates contain thick layers of rock salt (halite) (Fig. 2). In most
instances these layers occur as beds but in some cases salt has been deformed and is present now in the
form of sait diapirs or salt domes. Dome provinces are found predominantly along the Guilf Coast, with
more than 300 individual domes in Texas, Louisiana, Mississippi, and Alabama. The depth to salt beds and
salt domes varies widely, from more than 10,000 ft below land surface in Florida to a few hundred ft below
land surface in parts of Texas and Louisiana, or at land surface at places in Utah (Dunrud and Nevins,
1981). Although halite is highly soluble, some of these deposits have been stable for hundreds of millions
of years with little or no dissolution going on, indicating that they are not in contact with circulating'fresh
water. Other salt occurrences are located within local or regional ground-water flow systems and are being
dissolved, predominantly along the tops and marginé, causing salinization of ground water. For example,
the Canadian River and Pecos River Valleys of Texas and New Mexico overly areas where as much as
200 m of salt have been dissolved by circulating ground water (Gustavson and others, 1990). Besides
this natural solution of salt, solution mining associated with the recovery of salt, oil, gas, or sulfur has been
practiced in the country for more than 100 years. In 1956, salt production amounted to more than
24 miilion tons, with approximately 75 percent produced by salt dissolution and 25 percent produced as
rock salt (Pierce and Rich, 1962). Natural and man-made removal of sait has caused subsidence and
collapse where salt occurs at shallow depths. ‘

Johnson and others (1977) summarized the requirements necessary for dissolution of halite as
being (1) a supply of water unsaturated with respect to halite, (2) a deposit of salt through which or against
which the water flows, (3) an outlet that will accept the resultant brine, and (4) energy (such as a hydrostatic
head) to cause flow of water through the system. If thoseb requirements are met and if the outlet of the
resultant brine is at land surface or becomes part of an underground fresh-water flow system, mixing of
brine and fresh water will occur. For example, such process was described by Hitchon and others (1969) in
the Mackenzie River Basin of westemn Canada, by Gillespie and Hargadine (1981) in the Kansas Permian
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Basin, and by Gustavson and others (1980) on the eastern flank of the Texas Permian Basin (Fig. 20).
Discharge of the resulting brine at land surface or in the shallow subsurface at those sites has been
- dacumented by. Hitchon and others (1969) in Canada, by Whittemore and Pollock (1979) in Kansas, and
by Richter and Kreitler (1986a,b) in Texas. In.each case, local meteoric water infiltrates the ground and
dissolves halite in the shallow subsurface on its way to regional discharge areas at topographically low
areas. . ‘

-Discharge of halite-solution brine and further. evaporation of the salt water at land surface can lead to
the development of satt flats. A se'ries of such salt flats, covered by gypsum and halite crusts, occurs in the
Rolling Plains of north-central Texas and southwestern Oklahoma, as described by Ward (1961) and by
Richter and Kreitler (1986a,b). Salt-water discharges at those areas (Fig. 21) ranges from a few thousand
milligrams per liter to greater than 150,000 mg/L dissoived chloride, affecting surface-water quality for
hundreds of miles downstream from salt-emission areas. |

3.2.2. Composition of Halite and other Evaporites

Halite occurs in the subsurface in form of bedded or domal salt. Depending on the depositional
history, halite deposits may be associated with other chloride salts (for example, carnallite, KMgCl3*6H20
or sylvite, KCI), with sulfates (for example, polyhalite, KoCasMg [SO4l4°H20; anhydrite, CaSQOy; or
gypsum, CaS0O4+2H20), or with carbonates (for example dolomite, CaMg(CQO3)2; or limestone, CaCOg3),

“which contribute to the overall salinity of ground water in contact with halite. Salt domes are composed
mainly of pure halite, with minor amounts of anhydrite, gypsum, and limestone. Analyses of salt from the
Gulf Coast salt-dome province consist of more than 92 percent NaCl with varying amounts of other mineral
‘constituents and insoluble matter (Table 3). The insoluble or less-soluble fractions stay behind when the
tops of shallow salt domes are dissolved by circulating fresh waters, forming what is known as the cap rock.
Cap rock is often missing from deeper domes but can be several hundreds of ft thick in shallow domes.
For example, in a mined sait dome in Harris County, Texas, limestone caprock extends to 76 ft, gypsum
caprock from 76 to 107 ft, and anhydrite caprock from 107 to 1,010 ft, at which depth salt is encountered

“{Pierce and Rich, 1962). o |

Solution of halite by fresh water or dilution of halite brines produces water of relatively uniform
chemical composition, as indicated by plots of chemical constituents in halite-solution samples from
Texas, Kansas, and Canada (Fig. 22). Solution of mined rock salt deviates from the well-defined mixing
(diltjtion) trends indicated on figure 22 because of its nearly pure NaCl composition. Natural solutions of
halite, in contrast, often are in contact with other evaporites, such as gypsum and anhydrite, which
‘accounts for somewhat higher concentrations of other major cations and anions, such as Ca and SOy4. -
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Table 3. Mineral composition of salt from domes in Louisiana and Texas (data from Pierce and Rich, 1962).

Sodium chloride (NaCl)

Calcium sulfate (CaSOg)

Magnesium chloride(MgCl2)
Magnesium carbonate (MgCO3)
Sodium carbonate (Na2C03)

Sodium sulfate (NaaSQg4)

Calcium carbonate (CaCO3)

Calcium chloride (CaClg)

Iron and aluminum oxide (Fe203-Al203)
Insoluble matter

Coastal domes, Loulslana

1

2

92.750 96.405

0.201
0.067
0.837
1.804
0.000
0.500
3.325

60

0.694
0.012

0.226
0.025
0.059

3
99.252
0.694
0.012

0.042

4
95.720
3.950
0.008

0.140
0.012
0.030

Interior domes,

Texas
5 6

98.883 98.926

1.099  1.041

Trace

0.008  0.023

0.010  0.100

Trace
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Figure 22. Bivariate plots of major ions and Br/Cl ratios versus chloride for natural halite-solution brines
from Canada (data from Hitchon and others, 1969), Kansas (data from Whittemore and Pollock, 1979), and
Texas (data from Dutton and others, 1985, and Richter and Kreitler, 1986a,b; open circles). Relatively little
scatter in these plots suggests littie variation between halite-solution brines from different areas. The
composition of laboratory solutions of mined halite (solid squares; data from Whittemore and Pollock,
1979) deviates from natural solution of sait beds because of the absence of associated evaporites.
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3.2.3. Examples of Geochemical Studies of Halite Solution

As with other salinization sources, identification of halite solution as source of salinity in absence of
any other possible source is indicated simply by an increase in TDS and all or most other individual
chemical constituents. Constituent ratios, however, have to be used to distinguish halite solution from
other potential sources, such as oil-field brine. Described below are several studies where ionic ratios
were used to effectively differentiate halite solution from other salt sources.

Hitchon and others (1969) determined the source of salinity in salt springs and saline seeps of
northeastern Alberta to be halite, based on a variety of chemical and isotopic constituents. The K/Na ratio
in salt spring samples was much lower than in typical deep-basin formation water in the area and the
relative concentrations of bromide and potassium were too low to represent residual evaporative brine.
Low bromide concentrations associated with high TDS contents indicate halite solution as the source of
salinity, as suggested from the brine-classification system established by Rittenhouse (1967). Within this
classification system, TDS contents greater than that of sea water in combination with bromide contents
less than would be expected from simple concentration of sea water, suggest solution of halite (Fig. 23).
Hydrogen-and oxygen-stable isotopes show a local meteoric origin, further supporting the argument that
local dissolution instead of regional deep-basin discharge of formation water is the source of salt water
(Hitchon and others, 1969). Dissolution of halite is also documented in southern Manitoba, Canada,
where saline springs and saline seeps contribute to chloride levels of up to 600 mg/L in Lake
Winnipegosis and Lake Manitoba (van Everdingen, 1971). Identification of halite solution as opposed to
discharge of deep formation water was done by using the ratios of (Ca+Mg)/(Na+K) and SO4/Cl for
samples with chloride concentrations greater than 10,000 mg/L. At lower concentrations, dilutidn with
local ground water masked the salinization source. Similarly, the ratios of (Na+K)/Cl and Ca/Mg were of little
use in this study (apparently because of overlapping values in the endmembers). This mixing, however,
was suggested from modified Piper plots, in which brackish waters plot on the theoretical mixing line
between salt-spring samples and fresh runoff samples (van Everdingen, 1971) (Fig. 24).

Leonard and Ward (1962) were among the first to use the Na/Cl ratio to distinguish halite-solution
brine from oil-field brine in Oklahoma. One type of brine, derived from salt springs in western Oklahoma,
typically shows a Na/Cl weight ratio in the range of 0.63 to 0.65, which suggests that nearly pure halite
(Na/Cl weight ratio of 0.648) is the source of sodium and chloride in those brines. Another type of brine in
the same area consistently has Na/Cl weight ratios less than 0.60, whereby the ratio decreases with
increase in chlorinity (Fig. 25). This type of brine was derived from oil wells. Based on this difference in
ratios between the two potential sources, Leonard and Ward (1962) determined which of the two
endmembers is the contaminating source in several streams of western Oklahoma, that is, halite-solution
brine contributas to salinity in the Cimarron River (#5, #6), and oil-field brines contribute to salinity in the
Little River (#4) and the Arkansas River (#7, #8). Surface-water degradation of streams in Kansas was
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Figure 23. Classification of oil-fiekl/deep-basin waters according to TDS and bromide concentrations, as
suggested by Rittenhouse (1967). Brine samples from saline seeps in northeastern Alberta (solid dots)
(from Hitchon and others, 1969) plot within the halite-solution group (Group Ill). Other groupings are:
Group 1, simple concentration or dilution of sea water; Group I, same as one with additional bromide,
possibly added during early diagenesis; Group IV, diluted Group il waters or dilution of Groups |, Ii, or V
with low-Br water; Group V, possibly altered bitterns left after salt deposition (from Rittenhouse, 1967).
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waters in southern Manitoba. Mixing trends suggest solution of halite as the source of salinity in brackish
ground water of the area (modified from van Everdingen, 1971). '
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Figure 25. Comparison of Na/Cl weight ratios for oil-figld brines (dots) and brines from salt springs
(tiangles) in western Oklahoma and southwestern Kansas (from Leonard and Ward, 1962). Weight ratios
of approxumately 0.65 suggest halite solution as the source of salinity in the salt springs and in some
surface waters (crosses; Nos. 5 and 6), whereas ratios of less than 0.60 suggest oil-field contammatlon in
other surface waters.
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studied by Gogel (1981) using the same technique. Samples from the Ninnescah River alluvium ranged
from 0.65 to 0.67 in Na/Cl weight ratios, indicating that halite solution in the underlying Wellington aquifer
is the source of salinity. Measurements along Slate Creek showed the same ratio range for samples having
chloride concentrations greater than 500 mg/L but a ratio of 0.91 for a sample having a chloride
concentration of only 78 mg/L. This sample was obtained upstream from the saline-water inflow area and
represents uncontaminated background concentrations. Very low Na/Cl,ratibs, ranging from 0.54 to 0.28,
along Salt Creek, in contrast, suggest oil-field contamination (Gogel, 1981). The Na/Cl ratio was also used
by the Oklahoma Water Resources Board (1975) to distinguish halite-solution brine from oil-field
contamination in parts of Oklahoma. Weight ratios of 0.66 were indicative of halite solution in the Dover
area, whereas ratios of 0.38 were indicative of oil-field pollution in‘the Crescent area.

Whittemore (1984) pointed out that halite solution brines in Kansas usually have lower Ca/Cl and
Mg/CI ratios and higher SO4/Cl ratios than oil-field brines. The same relationship was found for halite-
dissolution brines and deep-basin brines in Texas by Richter'and Kreitler (1986a,b). However, these ratios
appear to work best as tracers when little chemical reactions occur after mixing of the respective salt-water
source and fresh water. To avoid this change of chemical constituent ratios by mechanisms other than
mixing or dilution, Whittemore and Pollock (1979) suggested the use of minor chemical constituents,
such as bromide, iodide, and lithium, that are relatively conservative in solution. Of those, bromide
concentrations and Br/Cl weight ratios' are the most widely used tracers because bromide is similarly
conservative as chloride, and because a significant difference in Br/Cl ratios between most halite-solution
brines and oil-field waters could be established (for example, Whittemore and Polloék, 1979; Whittemore,
1984, 1988; Richter and Kreitler, 1986a,b). In Kansas, halite-solution brines typically have Br/Cl ratios less
than 10 x 104, whereas oil-field brines typically ha(re Br/Cl ratios greater than 10 x 10—4 (Whittemore,
1984). This difference can be used to calculate mixing curves between fresh water composition and the
range of values for either endmember. By superimposing values from test holes in the Smoky Hill River
area, Whittemore (1984) was able to show that halite solution is the dominant mechanism of salinization in
that area (Fig. 26a). In contrast, in the Blood Orchard area south of Wichita, all of the observation-well
samples indicate mixing of fresh water with cil-field brines (Fig. 26b). Note in figure 26b that the sample
obtained from the Arkansas River (square) suggests halite solution; this chemical signature was derived
from areas upstream from the Blood Orchard area. Also} some testhole éamples plot between the two
mixing fields, suggesting mixing of fresh water with both halite-solution brine and oil-field brine.

Richter and Kreitler (1986a,b) made use of the Na/Cl and Br/Cl ratios in an investigation of salt
springs and shallow subsurface brines in parts of north-central Texas and southwestern Oklahoma. Using
ratio ranges established by Ward (1961) for Na/Cl in Cklahoma brines and Br/Cl ratio ranges established by
Whittemore and Pollock (1979) for Kansas brines, Richter and Kreitler (1986a,b) grouped 120 chemical
analyses of saline waters into three groups: (1) a halite-solution group (Group A) with Na/Cl molar ratios
greater than 0.95 (Na/Cl weight ratio >0.62) and Br/Cl weight ratios less than 4 x 104, (2) a deep-basin
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Figure 26. Differentiation of oil-fieki/deep-basin brine from halite-solution brine using bivariate plots of
Br/C! weight ratios versus chloride concentrations. (a) Low Br/Cl ratios typically signify halite solution (for
example, Smoky Hill River, Kansas), whereas (b) high Br/Cl ratios and high TDS are characteristic of oil-
fiek/deep-basin brines (for example, Blood Orchard area, Kansas) (from Whittemore, 1984).
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group (Group C) with Na/Cl ratios less than 0.95 and Br/Cl ratios greater than 25 x 1 0—4, and (3) a mixing
group (Group B) with Na/Cl ratios greater than 0.95 and Br/Cl ratios greater than 4 x 10~4, or Na/Cl ratios
less than 0.95 and Br/Cl less than 25 x 10—4 (Fig. 27). After this initial grouping, other ratios, such as
Ca/Cl, Mg/Cl, K/Cl, and I/Cl, supported the grouping by generally showing higher values for deep-basin
brines than for halite-solution brines (Fig. 28). This suggests that all of these ratios can be used for
differentiating between halite-solution brines and deep-basin brines in this area. Molar ratios of
(Ca+Mg)/SQ4 and of Na/Cl are close to unity in halite-solution samples, which suggests halite and gypsum
to be the main sources of dissolved constituents and distinguishes this water from deep-basin brines (Fig.
29). The third group (Group B) plotted intermediate in all these ratios. Group differences were also
reflected in the isotopic composition of 180 and 8D. Little difference was observed between local, fresh
ground-water values and saft-spring values, suggesting dissolution of halite by local, meteoric ground
water (Fig. 13). Testhole samples, in contrast, formed a trend from a light isotopic composition at low
chloride concentrations to a heavy isotopic composition at high chloride concentrations, suggesting the
mixing of local, fresh ground water with deep-basin brines. This mixing was also documented in the depth
relationship of chloride and 5180 for testhole samples (Fig. 30).

In addition to the ratios discussed above, Whittemore and Pollock (1979) pointed out the usefulness
of I/Cl ratios in differentiating between halite-solution and oil-field brines. Halite-solution brines typically
have I/Cl weight ratios less than 1 x 105, whereas oil-field brines in Kansas have ratios greater than
2x10-5 (Fig. 31). A similar relationship in I/Cl ratios between halite-solution brine and deep-basin brine
was found by Richter and Kreitler (1986a,b) for samples from salt springs and shallow test holes in north-
central Texas (Fig. 28).

Dissolution of salt-dome halite in parts of the upper Gulf Coast of Texas accounts for high salinities in
geoprassured Frio Formaiion waters (Morton and Land, 1987). Besides the high salinity
(TDS>105,000 mg/L), halite dissolution is also suggested as the source by low Br/Cl ratios (<22 x 10‘4),
and by low potassium and calkcium concentrations (<500 mg/L and <5,000 mg/L, respectively) (Morton
and Land, 1987).

Mast (1982) suggested the use of mixing diagrams for differentiating between mixing of fresh water
with naturaily saline ground water and mixing of fresh water with oil-field brine in parts of Kansas.
Contaminated waters were obtained from an aquifer that is in a producirig oil field and is underlain by
natural halite and gypsum beds from which it is separated by a shale of low permeability. Plotted on mixing
graphs of SO4 versus Na+K, SO4 versus TDS, and SO4 versus Cl (Fig. 32) are the endmembers of
mixing, that is (1) uncontaminated fresh water, (2) naturally saline (halite-solution) water, and (3) produced
(oil-fiekd) water. Between the endmembers are drawn theoretical mixing lines that were calculated using
mean values of the respective endmembers. Superimposed on the plot are all samples to be tested,
allowing visual inspection of the most likely salinization source, if any, as well as an estimate of the relative
percant contribution of each endmember (Fig. 32).
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for halite solution and oil-fieki/deep-basin brine. Group A: Na/Cl >0.95 and Br/Cl <25 x 10‘ (halite -
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Figure 28. Bivariate plots of chemical constituents in brines collected from salt springs and shallow test
holes in the Rolling Plains of Texas. Grouping of brines according to molar Na/Cl ratios and Br/Cl weight
ratios (fig. 27) is supported by other chemical constituents, such as Ca, Mg, K, and | (modified from Richter

and Kreitler, 1986a,b).
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Figure 29. Molar ratios of (Ca+Mg)/SO4 versus Na/Cl in salt-spring and shallow subsurface brines, Rolling
Plains of Texas (from Richter and Kreitler, 1986a,b). Molar ratios close to one suggest chemical control by
halite and gypsum in Group A waters. Large deviations from unity are typical for deep-basm bnnes and
" suggest such a source in Group C waters.
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Plains, Texas. Mixing of local, meteoric fresh water with non-local brine is indicated by isotopic enrichment
and by chloride increase with depth (from Richter and Kreitler, 1986b).
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Figure 31. Differentiation between halite-solution waters and oil-field/deep-basin brines using differences
in I/Cl weight ratios (from Whittemore and Pollock. 1979).
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Figure 32. Theoretical mixing curves for fresh water and potential salinization sources in Kansas using

sulfate and chloride concentrations (from Mast, 1982).
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3.2.4. Significant Parameters

Halite solution produces some of the lowest Br/Cl ratios found in natural salt waters. Ratios typically
are less than approximately 10 x 10~4 in halite-solution brines and greater than 10 x 10~4 in oil-field
brines and formation brines (Whittemore and Pollock, 1979; Whittemore, 1984; Richter and Kreitler,
1986a,b). Ratio ditferences between these two potential mixing endmembers with fresh water are
generally big enough to allow differentiation of the respective source in brackish water down to chloride
concéntrations of a few hundreds of milligrams per liter, although identification is best at- high
concentrations. Sea water also has a much higher Br/Cl ratio than halite-solution brine, which could allow
differentiation between halite solution and sea-water intrusion in coastal salt-dome areas.

The ratio of Na/Cl works well to distinguish halite-solution brine from oil-field brine at high chloride
concentrations. Sodium and chloride occur in halite at equal molar concentrations (Na/Cl molar = 1, Na/Cl
weight = 0.648). Brines that originate from halite solution within a shallow ground-water flow system will
exhibit a similar ratio as long as concentrations are high enough so that the Na/Cl ratio is not affected
appreciably by ion exchange reactions. In most oil-field brines molar Na/Cl ratios are much less than unity.
Exchange of calcium and magnesium for sodium on clay mineral surfaces and aiteration of feldspar may
account for the low ratios in formation brines and oil-field brines. The Na/Cl ratio is also much smaller in sea
water (mNa/mCl = 0.85) than in halite-solution brine. v | ‘

Ratios of I/Cl in halite-solution brines are typically small and less than oil-field/deep-basin brines, -
which allows separation between these two major sources of salt water. 1 ‘

Halite deposits are often associated with abundant beds of gypsum and anhydrite. Dissolution of
these beds is reflected in molar (Ca+Mg)/SO 4 ratios close to unity, which is much smaller than the
respective ratio in oil-field brines (>>1) and in sea water (2.3).

3.2.5 State-by-State Summary of Halite Occurrences

This section provides a state-by-state summary of some of the halite-solution occurrences in the
United States (Fig. 2), as compiled from published sources. _ v

Alabama: Bedded and diapiric occurrences of halite are known in the southwestern part of the
state. All major aquifers in Marango County are affected by upward migration of brine along faults, which is
probably related to sait-dome movement (Slack and Planert, 1988). Solution mining near Mclintosh,
Washington County, is from a salt dome where evaporites occur at 400 ft below land surface (Dunrud and
Nevins, 1981). '

Arizona: Lafge quantities of salt are discharged in the state from mineral springs and thermal
mineral springs. Fbr example, three major springs in the Mogollon Rim area of central and east-central
Arizona discharge daily TDS loads of 200 tons (Fuhriman and Barton, 1971). Clifton Hot Springs
discharges saline water of up to 9,000 ppm into the San Francisco River, and mineral springs near the
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mouths of Chevelon and Clear Creeks near Winslow contribute saline water to the Little Colorado River
(Krieger and others, 1957). Five areas in the state are known to be underlain by halite, the largest of which
is the Holbrook Basin in the eastern part of the state. There, depth to the top of the halite-bearing Supai
Formation ranges from 650 to 800 ft below land surface (Pierce and Rich, 1962). Other areas where halite
is known in the subsurface are the Red Lake and Detrital Wash areas in the western and Luke and Picacho
in the south-central parts of the state. In the Red Lake and Detrital Wash areas, salt occurs at depths of
420 to 600 ft below land surface (Pierce and Rich, 1962). Top of evaporite deposits at Luke, where
solution mining is practiced, is at 875 ft below land surface (Dunrud and Nevins, 1981).

Arkansas: Halite occurs in the Buckner and the Eagle Mills (Louann salt) Formations of southern
Arkansas.

Colorado: Halite occurs at shallow depth in several parts of the state. Selected wells show depth to
top of sait ranging from 395 ft to 6,485 ft below land surface (Pierce and Rich, 1962). An estimated
205,000 tons of salt from salt-solution enters the Dolores River of southwest Colorado annually through
springs and seeps along the channel bottom (Jensen, 1978). '

Florlda: Halite occurs in the deep subsurface of southwesternmost Florida, at depths greater than
10,000 ft (Dunrud and Nevins, 1981).

ldaho: Halite occurs at or near land surface in the Crow Creek area (Pierce and Rich, 1962).

Kansas: Shallow Permian salt underlies most of the central and southwestern parts of the state. -
Salt springs, salt marshes, or direct contact with salt-bearing strata have contaminated many surface
waters, such as the Smoky Hill, Arkansas, Ninnescah, Saline, and Solomon Rivers (Krieger and others,
1957; U.S. Geological Survey, 1984). Much of the saline ground water is discharged from the Wellington,
Dakota, and Kiowa Formations, and the Permian Red Beds. The most widespread zone of salt is the
Hutchinson salt member of the Wellington Formation. The sait bed, which is up to 350 ft thick, is easily
dissolved by circulating ground water. The most damaging effects from salt dissolution are along the
Smoky Hill and Solormon Rivers in eastern Saline and western Dickinson Counties and the Belle Plain area
in Sumner County on the Ninnescah and Arkansas Rivers and the Slate and Salt Creeks (Gogel, 1981).
Other areas contaminated by salt in Permian Red Beds are found along the lower reaches of the
Rattlesnake Creek in Stafford and Reno Counties and along the South Fork Ninnescah River in eastern
Pratt and western Kingman Counties. A well-documented example of chloride and sulfate intrusion from
the Dakota and or Kiowa Formations is along the Smoky Hill and Saline Rivers.in Russell County
(Hargadine and others, 1979). ' '

Ten minor areas of mineral intrusion occur along (1) the Solomon River in- Mitchell and Cloud
Counties (for example, Waconda Spring west of the city of Beloit), (2) Salt Creek in Mitchell and Lincoin
counties, a tributary of the Solomon River, (3) Buffalo Creek in Jewell and Cloud Courties, (4) Sait Creek
and Marsh Creek in Republican County, (5) the Cottonwood River in Marion County, (6) the Medicine
Lodge River in Barber County, (7) the Salt Fork Arkansas River in Comanche and Barber Counties, (8) the
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Cimarron River in Meade County, (9) the Crooked Creek in Meade County, and (10) Cow Creek in Reno
and Rice Counties (Hargadine and others, 1979).

Hargadine and others (1979) studied six major areas of natural salt-water intrusion throughout the
center of the state from the Oklahoma state line to the Nebraska state line. These intrusions are
associated with the Dakota and/or Kiowa Formations in north-central Kansas, with Permian Red Beds in
south-central Kansas, and with the Wellington Formation in east-central and south-central Kansas. Within
the Wellington Formation, halite dissolution is prominent in the western part, whereas gypsum dissolution
is domfnant inthe east.

in the area south and west of Salina, fresh water moves down through collapsed and brecciated
shales to recharge the Wallington aquifer, dissolving halite within the Hutchinson Salt Member. The
resuiting brine then moves northward beneath the Smoky Hill River valley to the Saline River valley.
Upward discharge of brine occurs through collapse structures in an area from about three miles east of
Salina to just east of Solomon, where the potentiometric surface of the Wellington aquifer is above the
water table in the alluvial aquifer (Gillespie and Hargadine, 1981). Between New Cambria-and Solomon,
approximately 369 tons of chloride enter the Smoky Hill River (J. B. Gillespie, personal communication,
1981; in Gogel, 1981). According to landowners, the interface between fresh water and saline water in the
alluvial aquifer along the Smoky Hill River-in northern Saline County is about 35 ft below land surface.
Chloride concentrations of 48,000 mg/L at 94 ft depth and of 180,000 mg/L in gypsum cavities at. 112 ft
have been reported. A relatively impervious shale separates the shallow fresh-water unit from the deeper
brine unit except for areas of collapse and brecciation caused by salt and gypsum dissolution (Gillespie
and Hargadine, 1981). v , o . , '

Some of the brine originating from salt dissolution in Kansas does not discharge in Kansas but.
discharges instead in neighboring Missouri to the east. According to Banner and others (1989), regional
ground-water flow that starts with meteoric recharge in Colorado picks up high loads of dissolved solids
from halite-bearing formations in the subsurface of Kansas and finally discharges in central Missouri..

. Most of the old solution-mining operations that were started as early as the 1880°’s have been
abandoned. This includes the operations near Great Bend and Pawneee Rock in Barton County, near
Anthony in Harper. County, near Kingman in Kingman County, near Nickerson in Reno County, near
Sterling in Rice County, and near Wellington in Sumner County (Dunrud and Nevins, 1981).

Louisiana: The entire state is underiain by halite with major salt-dome provinces along the coast
and in the northwest. Some of the salt domes are ciose to land surface, such as Weeks island, Jefferson
Island, and Avery Island, where tops of salt are at 97, 69, and 15 ft below land surface, respectively (Pierce
and.Rich, 1962). All three domes are mined for salt. Bedded halite generally does not occur within
approximately 5,000 ft below land surface (Dunrud and Nevins, 1981). Solution mining has occurred in
the past in the northwestern dome province but is now restricted to domes along the Gulf Coast. Top of
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evaporite deposits in mined domes ranges from few ft to 6,000 ft below land surface, with most production
going on since the early 1900’s (Dunrud and Nevins, 1981).

Michigan: Some of the oldest sait deposits (Silurian) in the country underlie the Michigan
peninsula. Combined salt thickness ranges from 1,800 ft in the basin center, where the salt is
approxirhately 6,000 ft deep, to 500 ft at the basin margins, where the sait may be found at 500 ft below
land surface (Pierce and Rich, 1962). Old and modern solution mining is concentrated along the basin
margins. According to Pierce and Rich (1962), sait production in 1955 amounted to more than 5 million
short tons, most of which was produced by solution mining of salt. Rock salt production in 1953 was
approximately 1 miliion tons, mined from a salt bed 1,020 ft deep in Wayne County, near Detroit. Natural
brines are produced from rocks of the Detroit River Group at Manistee and Ludington in the western part
of the state, and at Midland, St. Louis, and Mayville in the eastern part of the state (Sorensen and Segall,
1973). Most of the current solution operations are at depths greater than 1,300 ft below land surface and
have been going on for approximately 100 years (Dunrud and Nevins, 1981). .

In Manistee County, the combined production of salt from sait beds in 1898 was approximately
435 miliion pounds (Childs, 1970). Production is from salt beds in the top of the Detroit River Group
between 1,900 and 2,050 ft below land surface. Another producing horizon is at 3,700 ft. Modern
operations require 600,000 to 800,000 gal/day of water to run economically. Ground water in and around
the salt plants is contaminated with chlorides and is not a source of potable water (Childs, 1970). Backflush
flulds from salt galleries, which were dumped into open pits, are part of the problem. Since the 1980's salt
brings have also been continuously disposed of into Lake Manistee (Childs, 1970).

Misslgsippl: All of the southern part of the state is underiain by salit bed and sait domes. Solution
mining has been practiced at Petal, Forrest County, and Richton, Perry County, but these operations
have baen abandoned (Dunrud and Nevins, 1981).

Montana: Salt beds within the Williston Basin of northeastern Montana generally occur at depths
greater than 4,000 ft below land surface (Pierce and Rich, 1962).

Nebraska: Halite beds occur in southwestern Nebraska at depths greater than 3,200 ft in parts of
the Northern Denver Basin (Pierce and Rich, 1962; Dunrud and Nevins, 1981).

Nevada: In the southeasternmost part of the state some domelike occurrences of salt are found in
the Muddy Creek Formation along the Virgin River. These occurrences used to be exposed at land
surface but are now covered by the Overton arm of Lake Mead (Pierce and Rich, 1962). v

New Mexico: Halite underlies the state along its eastern state line, where salt thickness in the
Permian Basin is greatest (up to 2,800 ft aggregate thickness) (Pierce and Rich, 1962). Dissolution of
shallow salt on this western edge of the Permian Basin causes salinization of the Pecos River and ground
water in that portion of the state. At Malaga Bend, inflow of spring water to the Pecos River contains up to
270,000 ppm of TDS. Salt occurs in the Guadalupe and Ochoa series, where it is associated with gypsum
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and anhydrite. In southeastern New Mexico, potassium salt with an average thickness of 4 to 5 ft are
included in salt within the Salado Formation (Pierce and Rich, 1962). ' ’

New York: Halite underlies most of the western part of the state with a maximum aggregate salt
thickness of 800 ft jusi southeast of Seneca Lake (Pierce and Rich, 1962). From there, salt thins in all
directions. Associated with the salt are traces of sylvite, polyhalite, and camallite, all potassium salts (Alling,
1928). Salt beds and highly mineralized water underiie areas of Chemung County (Gass and others, 1977)
and Cattaraugus County (U.S. Geological Survey, 1984), and salt-water springs are common throughout
western New York in the outcrop areas of Silurian rocks, which contain halite deposits in the subsurface.
According to Crain (1969), most of these springs are not associated with deep formation waters or oil-field
brines. Brines from deeper saline sources may also contaminate ground water in the' Susquehanna River
Basin (Gass and others, 1977). Most of the solution-mining operations in the state, starting as early as in
the 1880's, have been abandoned. According to Dunrud and Nevins (1981), mining continues at Tully,
Onandaga County, at Watkins Glen, Schuyler County, at Ithaca, Thomkins County, and at Dale and Silver
Springs, Wyoming County. Depths to evaporite strata in those mining areas range from 1,200 to 2,500 ft
(Dunrud and Nevins, 1981). In the Jamestown area, halite beds at 1,500 to 2,000 ft below land surface are
‘penetrated by numerous abandoned gas wells, which are suspected to allow vertical migration of salt
water into shallow fresh-water aquifers (Craiin, 1 966; Miller and others, 1974).

. North Dakota: The western part of the state that is known as the Williston Basin is underlain by
halite at depths greater than 3,600 ft below land surface (Pierce and Rich, 1962). Dunrud and Nevins
(1981) list one solution-mining operation in the state, located near Williston in Williams County, where the
top to evaporite deposits is 8,250 ft. '

Ohlo: Halite deposits are thickest along the eastern state line, where the combined thickness of all
beds approaches 300 ft (Pierce and Rich, 1962). Salt deposits thin toward the west. Depth to salt is
approximately 1,000 ft below land surface, with solution mining having been practiced at several locations.
According to Dunrud and Nevins (1981), only two of the original seven mining operations are still active in
the state. Those active operations are located near Akron in Summit County and near Rittman in-Wayne
County. Depth to evaporites in those areas is approximately 2,700 ft (Dunrud and Nevins, 1981). -

- Oklahoma: All of the west-central and northwestern parts of the state, including the Oklahoma
Panhandle, are underiain by halite, gypsum, and anhydrite. Halite dissolution is evidenced in salt springs
and in shallow saline ground water in those areas, as documented in areas such as the Cimarron Rivernear
‘Mocane (Krieger and others, 1957), Perkins (Leonard and Ward, 1962), or Dover in Kingfisher County
(Oklahoma Water Resources Board, 1875). Halite lenses in the Flowerpot Shale within 600 {t of land
surface have in the past been dissolved at most places by percolating ground water, but occasionally salt
deposits still exist, such as those in the Little and Big Salt Plains at the northwestern end of the Cimarron
Terrace (Oklahoma Water Resources Board, 1975).
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Solution mining at 1,500 ft below land surface has been practiced on and off at Sayre, Beckham
County. Pumping of salt water, from a producing interval of 12 to 558 ft at the site of a former brine spring,
Is practiced in Harmon County. Richter and Kreitler (1986a,b) reported a chloride concentration of 58,000
mg/L for the produced brine, which is only about 30 percert of the chloride concentration measured in
two natural brine springs in the area. '

Pennsylvanla: All of the western and northern parts of the state are underiain by halite at depths
greater than 1,000 ft. Salt beds are up to 200 ft thick, with aggregate thickness of up to 650 ft, along the
wastermn state line, but thin toward the east (Pierce and Rich, 1962).

Texas: Many areas of the state are underiain by halite deposits, with major dome provinces along
the Gulf Coast, in northeast Texas, and in South Texas. Solution mining occurs predominantly in those
dome provinces where depths to salt are relatively small. For example, depth to salt in Brooks Dome,
Smith County, is 220 ft; in Grand Saline Dome, Van Zandt County, 212 ft; and in Palestine Domie,
Anderson County, only 140 ft below land surface (Pierce and Rich, 1962). According to Dunrud and
Nevins (1981), solution mining is stili practiced at 12 sites in the state, ten of which produce from salt
domes in Brazoria, Chambers, Duval, Fort Bend, Harris, Jefferson, Matagorda (all Guif Coast), and Van
Zandt (northeast Texas) Counties, and two produce from salt beds in Ward and Yoakum Counties.

Dissolution of salt under the High Plains Escarpment causes brine discharge in the Rolling Plains of
north-central Texas and degrades surface-water quality in the Brazos and the Red River for hundreds of
miles downstream (Richter and Kreitler, 1986a,b). Other affected surface streams in the area include the
Pease and Wichita Rivers, the Double Mountain Fork of the Brazos, and the Prairie Dog Town Fork, and
Salt Fork of the Red River. More than 3,500 tons of sodium chloride are discharged from sait seeps and
springs to these rivers every day (Gustavson, 1979). Some tributaries to these rivers originate in salt flats,
such as at Dove Creek and Haystack Creek in King County, Short Croton and Hot Springs in Kent County;
and Jonah Creek in Childress County (Richter and Kreitler, 1986a). Gypsum and anhydrite beds are
generally associated with halite beds, contributing to the overall salinization of ground water in those
areas. At least some of the high salt content in the Pecos River of West Texés is due to discharge of halite-
solution brine from Permian formations in New Mexico.

Mining of salt domes for commercial use (for example, brine, oil, gas, and waste disposal) has been
and is being done in many salt domes along the Gulf Coast and in East Texas. Locally, these activities
have caused subsidence and formation of sinkholes, such as at Boling Dome and Orchard Dome along
the Gulf Coast (Mullican, 1988) and at Palestine Salt Dome in East Texas (Fogg and Kreitier (1980). At
Palestine Dome, ground water recharges at highland areas, moves downward to the dome, dissolves
halite, and discharges in topographic lows, such as a lake and nearby sinkholes (Fogg and Kreitler, 1980).
Saline ground water at other domes, such as southeast of Mount Sylvan Dome and east of Whitehouse
Doma and Bullard Dome in East Texas, may be associated with processes from the geologic past, such as
previous salt-dome solution, or they may represent depositional, marine waters but not current solution of

80



domal halite (Fogg, 1980). Under certain conditions, such as at Oakwood Dome, East Texas, dissolution
of salt may be slow due to a protective layer of caprock that prevents circulating water from contact with
halite and low permeabilities that prevent significant ground-water circulation and with it significant removal
of salt (Fogg and others, 1980). Ground-water salinity caused by natural mixing of fresh ground water with
halite-solution water may be enhanced by drilling and brine disposal activities, as suggested by Hamlin and
others (1988) for the lower Chicot aquifer south and west of Barber Hill Salt Dome (Chambers County).
Since 1956, an estimated 1.5 billion barrels of brine have been injected into porous .zones into this
dome's caprock, with the present rate being 1 to 5 million barrels per month (Hamlin and others, 1988).:
Utah: The Sevier River Basin in central Utah is underlain by halite and gypsum, which have
contributed to the high TDS content in the Sevier River (Whitehead and Feth, 1961): Near Redmond salt
is mined in open pits from the Arapien shale in the Sevier River Valley (Pierce and Rich, 1962). In the
southeastern part of the state, in the Paradox Basin, depth to top of salt in selected wells ranges from 883
to 12,200 ft below land surface. There, sylvite and carnallite are associated with some of the halite
deposits (Pierce and Rich, 1962). . . , ‘
- Virginla: A shallow occurrence of salt exists in southwestemn Virginia. Pierce and Rich (1962)
specify a depth below land surface of 800 to 2,000 ft for this occurrence, whereas Dunrud and Nevins
(1981) specify a depth.of 165 to 3,300 ft. Between 1895 and 1972, solution mining, which caused local
subsidence, was practiced at this shallow occurrence of salt (Dunrud and Nevins, 1981).. :
West Virglnia: Halite that underlies the northern part of the state is generally restricted to depths .
greater than 5,000 ft below land surface (Pierce and Rich, 1962). Nevertheless, salt is mined at four sites ‘
located near Moundsville and Natrium in Marshall County, near Bens Run in Tyler County, and near New.
Martinsville in Wetzel County (Dunrud and Nevins, 1981). All of these operations are relatively recent
(post-1942), which is in contrast to other, mostly much older, salt-mining operations in the country.
Wyoming: Halite occurs in the subsurface in the northeast (Powder River Basin), in the southeast
(Northern Denver Basin) and in the southwest. Near the idaho/Utah border, salt was encountered in one
well at 125 ft below land surface (Pierce and Rich, 1962). In the other areas, depth to top of salt is'much
greater, being more than 2,700 ft in the Northern Denver Basin and more than 6,000 ft in the Powder.
River Basin (Dunrud and Nevins, 1981). . '

3.3 Sea-Water Intrusion

3.3.1. Mechanism

- Sea-water intrusion has been reported from almost all coastal states in the country. in many -
instances, ground-water contamination from sea-water intrusion has forced abandonment of water wells or
entire well fields, and much money has been spent to prevent further intrusion. Florida is the most
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seriously affected state, followed by California, Texas, and New York (U.S. Environmental Protection
Agency, 1973).

Under natural conditions, ground-water flow in uncorifined and shallow-confined coastal aquifers is
toward the oceans because of flow potentials driven predominantly by topography. Generally this flow has
caused flushing of saline water from coastal aquifers that may have occupied the aquifer since deposition
since the last high stand of sea level, or since the last major storm flooded the coast. For example, lenses
of fresh water extend as far as 75 miles from shore or to the edge of the shelf off the Florida Peninsula
(Manheim and Paull, 1981). These lenses, which shield coastal ground water from saline encroachment,
originate from fresh-water recharge during the exposure of the continental shelf during the Pleistocene
glacial maximum (Manhheim, 1990). Along the Guif Coast of southwestern Louisiana, saline water was
flushed guliward during the Pleistocene, but moved landward through highly transmissive zones as sea
level rose again (Nyman, 1978). The degree of flushing depends on many factors, such as the amount of
recharge, the hydraulic head, and the permeability of the aquifer. For example, in the Houston area of
Texas, fresh water has flushed the original salt water out of the aquifer to a depth of more than 2,200 ft,
whereas just 50 miles toward the coast in the Galveston area salt water in the shallow aquifer has been
flushed out to a depth of only 150 ft (Jorgensen, 1977). This process of flushing may have been more
effective in the past during lower stands of sea level (higher fresh-water heads), as sea level fluctuated
between present stand and 300 ft below present stand during the past 900,000 years (Meisler and
others, 1985).

Under natural conditions, flow in unconfined and shallow-confined aquifers responds to slow
changes in sea level relatively quickly. If fresh-water heads are high enough, ali salt water in an aquifer
open to the sea may be flushed out and a fresh-water spring may exist where this aquifer unit crops out at
the sea floor. If fresh-water heads are lower than sait-water heads, a reversal in flow occurs, with salt water
replacing fresh water. If fresh-water heads are not large enough to replace the sait water, a dynamic
equilibrium will exist between the sea water and the fresh water (Hubbert, 1940). Kohout (1960)
demonstrated that the dynamic equilibrium involves flowing sea water in the Biscayne aquifer of Florida,
whereby sea water is returned to the sea. A transition zone, or zone of diffusion of variable thickness,
exists between the two bodies of fresh water and salt water (Fig. 33). Tidal action and its impact on salt-
water movement, as well as changes in the fresh-water potentiometric surface due to variation in fresh-
water recharge or discharge, are the principal mechanisms govering the position and shape of this
transition zone (Cooper and others, 1964).

Conditions may be somewhat different in deep confined aquifers, with regional ground-water flow
reacting more slowly to changes in sea-level elevations. Such a case of slow equilibration, and the
resulting present landward flow of saline water, was proposed by Meisler (1989) for deep aquifers in the
Northem Atlantic Coastal Plain. Meisler and others (1985) estimated that the interface reflects a sea-water
level between 50 and 100 ft below current level and that the interface adjusts to present sea level by
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Figure 33. Typical ground-water flow patterns along coast lines, with circulation of salt water from the sea
and back to the sea within a zone of diffusion (from Cooper and others, 1964).
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moving inland at a rate of approximately one foot per year. Depths to top and the thickness of the interface
or transition zone varies widely. For example, along the coast of the Northern Atlantic Plain, the transition
zone of salt water containing between 250 mg/L and 18,000 mg/L is between 400 ft and 2,200 ft thick,
reflecting long-term variations in the position of the fresh-water and salt-water zones (Meisler, 1989). This
zone is thinnest in areas of fresh-water discharge (along coastal rivers and bays) because of low fresh-
water heads in those areas. The top of the transition zone is shallowest in the southern part of the
Northem Atlantic Plain, with the 250 mg/L contour at 200 to 400 ft below sea level. in the northern part of
the Atlantic Plain, the same contour is at 2,000 ft below sea level, as fresh water extends farther onto the
continental shelf in the north than in the south (Meisler, 1989).

The transition zone between fresh water (Cl <250 mg/L) and sea water (Cl >18,000 mg/L)
In the Biscayne Aquifer at Miami, Florida, is only approximately 50 ft thick, reflecting the influence of tidal
fluctuations and fresh-water discharge fluctuations as well as hydraulic connection between sea water and
fresh water (Kohout, 1960). Within the transition zone some of the sea water may again be discharged to
the sea (Fig. 33). Kohout (1960) suggested that under certain conditions approximately 20 percent of the
intruding sea water discharges back to the sea through the transition zone in the Biscayne aquifer of
Florida. Because of this flow in the transition zone, sea water must constantly intrude the aquifer (Cooper
and others, 1964). Under certain conditions such as low fresh-water heads and inland flow of sea water
along sinkholes and solution openings in carbonate aquifers, this mixing between fresh water and salt
water may be encountered far enough inland to cause discharge of the brackish transition-zone water
along the coast (Fig. 34) (Stringfield and LeGrand, 1969; Cotecchia and others, 1974).

Sea-water intrusion is not confined to the lower parts of aquifers, but also can occur in the upper,
shallower sections of an aquifer, where strong storms cause flooding of coastal zones. Such a scenario is
known along the coastal dunes aquifer of the northwestern United States, where winter storms create a
several foot thick sea-water zone overriding fresh ground water (Magaritz and Luzier, 1985). The natural
position of the interface between ground water and sea water is affected by tidal action, with fluctuations
on a sandy beach vertically near 5 ft and horizontally 200 ft (Urish and Ozbilgin, 1985). This can create a
mounding of sea water and consequently an effective mean sea level of close to 2 ft higher than local
mean sea level (Urish and Ozbilgin, 1985).

The natural equilibrium of shallow coastal aquifers can be disturbed when the flow of fresh water
decreases either in response to heavy pumping from water wells or in response to decreased recharge to
the aquiter. Increased urbanization along United States coastlines have caused both of these
mechanisms to occur in many places. Large areas have been eliminated as recharge points and today
much water that used to recharge aquifers ends up in storm sewers. At the same time, pumpage of
ground water from coastal aquifers in many areas has lowered water levels from originally above sea level
and flowing conditions to sometimes tens or hundreds of feet below sea level, resulting in a reversal of
ground-water flow and the potential of salt-water intrusion in the pumped area if heads are below the
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Figure ’34. Schematic cross section showing mixing mechanism of sea water with fresh water through
sinkholes and solution openings in a carbonate aquifer (from Stringfield and LeGrand, 1969).
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submarine outcrop of the pumped unit or if the transition zone between fresh water and salt water falls
within the cone of depression. For example, the city of Galveston used to produce fresh water from a
800-ft-deep well on Galveston Island but had to abandon the well in 1896 because of salinization. A new
well field had to be established 15 miles inland (Turner and Foster, 1934). This early occurrence of sea-
water intrusion may not be typical, but as ground-water withdrawals have increased in response to
expanded demands, forced abandonments of water wells due to salinization have become widespread in
many coastal areas. It is estimated that one to two public weils and 20 to 30 domestic wells are lost each
year in Delaware as a result of salinization due to sea-water intrusion (Atkinson and others, 1986).

Increased domestic, agricultural, and industrial consumption of surface water from coastal streams
can also lead to intrusion of sea water upstream. Where pumpage from river alluvium is high, subsequent
intrusion of salt water into ground water can occur where the waterway is a losing stream. Dredging of
waterways can enhance this process whenever a formally sealed-off permeable unit, Asuch as permeable
river alluvium, is encountered during dredging (Bruington, 1972). Such a case has been described by
Barksdale (1940) for the Parlin area, New Jersey, where pumpage has decreased heads from originally
flowing conditions to as much as 70 ft below land surface. Dredging of a new canal for shortening of the
navigation route along the South River allowed sait water to enter through the canal bottom into the local
aquifer, where it advanced at a rate of approximately one mile per six years (Barksqale, 1840; Schaefer,
1983). The sea-water intrusion problem can be aggravated by leaky or corroded Well casings through
which saline water can migrate to fresh-water aquifers (Miller and others, 1974; Monterey County Flood
Control & Water Conservation District, 1989).

Another mechanism that adds salinity preferentially to coastal aquifers is sea spray during violent
storms. This mechanism causes chloride concentrations in the tens of milligrams per liter in precipitation
and deposits large amounts of sea salt along coastlines. For example, approximately 2.7 million tons of sea
salt are deposited annually over the entire area of Japan (Tsunogai, 1975).

3.3.2. Chemistry of Sea Water

Sea water contains approximately 35,000 mg/L of dissolved solids, with chloride and sodium
combining for 84 percent of the total concentration (Table 4). Salinity is somewhat higher in the Atlantic
Ocean (36,900 mg/L at latitude 25°N) than in the Pacific Ocean (33,600 mg/L at latitude 40°N), depending
on local circumstances such as continental influence, degree of evaporation, and oceanic currents
(Custodio, 1987). Much larger differences can be found elsewhere. For example, inflow of fresh water
reduces the salinity of the Baltic Sea to between 3,000 to 8,000 mg/L, whereas evaporation increases
salinity in some areas of the Mediterranean and the Red Sea as high as 45,000 mg/L (Custodio, 1987).
The influence of fresh-water inflow on water quality is illustrated by samples taken at increasing distance
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Tabie 4. Cdncentration of major and significant minor chemicél
constituents in sea water (from Goldberg and others, 1971;
Hem, 1985) (concentrations in mg/L).

Constituent Concentration
Chloride, Cl 19,000
Sodium, Na 10,500
Sifate, SO4 2,700
Magnesium, Mg 1,350

-Calcium, Ca 410
Potassium, K 390
Bicarbonate, HCO3 - 142
Bromide, Br 67
Strontium, Sr 8
Silica, SiO'2 6.4
Boron, B 4.5
Fluoride, F 1.3
lodide, | 0.06
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Percent

54

30
8
4
1
1
0.4
0.2
0.02
0.02
0.01
0.003
0.00017

Total Percent

54
84
92
96
97
98
98.4
98.6
98.6
98.6
98.6
98.7
98.7



from the shore along the Texas Gulf Coast (Table 5). Chloride concentrations increase from 3,200 mg/L at
the mouth of the Houston Ship Channel at Galveston Bay, to 13,000-14,000 mg/L. three miles offshore
and to 18,000 mg/L 25 miles offshore (Jorgensen, 1977).

As in most natural waters, the sum of all major cations and anion§ in sea water amounts to more than
98 percent of the total concentration of dissolved constituents (Table 4). However, the percentage of
individual constituents is very different from that in fresh water and many other natural waters. In sea water,
sodium is the dominant cation and chloride is the dominant anion, whereas in most fresh waters calcium is
the dominant cation and bicarbonate or sulfate are the dominant anions. Even more striking is the
difference in relation between calcium and magnesium concentrations. In sea water, the weight ratio of
Ca/Mg is approximately 0.3. In contrast, in most fresh waters the Ca/Mg weight ratio is greater than 1.0.
Also, potassium concentrations in most fresh waters are smaller than calcium céncentrations by one order
of magnitude or more, whereas they are nearly the same in sea water (Table 4).

Water samples from various sea-water intrusion sites suggest two mechanisms that alter the
composition of the intruding sea water (Fig. 35). On bivariate plots of Ca versus Cl, K versus Cl, and Na
versus Cl, cation exchange is suggested by some of the samples, as calcium content is greater and
sodium and potassium contents are smaller than in the well-defined mixing trends indicated by other
samples and by other constituent plots (Fig. 35). Mixing trends are less well defined at chloride
concentrations of less than 1,000 mg/L because local fresh-water variations dominate over the relatively
uniform sea-water composition at low concentrations.

3.3.3. Examples of Geochemical Studies of Sea-Water Intrusion

Whenever sea-water intrusion is the only source of salt water in a given area, identification of this
salinization source in an affected well is indicated by an increase in total dissolved solids and possibly all
major cations and anions. This recognition poses little difficulty. The most-used tracer of simple sea-water
intrusion scenarios is the chloride ion, which is the most conservative, natural constituent in water once it
Is in solution. After establishing the base-line (background) chloride concentration in a given area from
historical data or from wells that are not yet affected by salt water, periodic sampling of monitoring wells and
analysis of chioride is being done along many areas along the United States coast where the potential of
sea-water intrusion is feared. The importance of knowledge of background levels is illustrated in
sometimes subtle chloride increases, such as those measured in samples from Middlesex County, New
Jersey, where intrusion has been observed for the past 40 years. During the period of 1977 to 1981,
chlorinity increased in some wells already affected by intrusion as well as in others that had shown
background levels of less than 10 mg/L dissolved chloride in 1977 (Table 6) (Schaefer, 1983). Increases
in chloride content from background levels of less than § mg/L to greater than 600 mg/L also indicated
sea-water intrusion in response to heavy pumpage in some coastal wells of Monmouth County, New
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Table 5 Landward chénges in chemical compdsition of Gulf of Mexico water as a result of dilution (data from Jorgensen, 1977).

: : Dissolved constituents in mg/L
Source of Water - Date.  SI02 Ca Mg Na K HCO3 SO4 o) TDS Remarks

Houston Ship Channel, 715173 98 89 220 1,800 66 104 500 3,200 6,050 near surface
at Morgans Point ) » : ‘

Gulf of Mexico, 3 miles 10/9/74 0.5 280 840 7,100 330 140 1,800 13,000 23,400 at 1-ft depth
offshore of Sabine Pass - , »

Gulf of Mexico, 3 miles 10/9/74 04 300 880 7,900 250 140 2,000 14,000 25,400 at 24-ft depth

offshore of Sabine Pass )

Gulf of Mexico, 25 miles ~ 10/9/74 0.1 370 950 9,500 330 146 * 2,500 17,000 30,700 at 1-ft depth
oftshore of Sabine Pass ) ‘ . . , ; ,

Guif of Mexico, 25 miles 10/9/74 0.2 380 940 9,800 320 148 2,400 18,000 31,900 at 42-ft depth
offshore of Sabine Pass - ‘



100000

10000

1000

Na (mgil)

100

10000 5

1000

100

Mg (mgit)

10

10000

1000

SO, (mgiL)
8

10

SRt
A, 3
S e
 E—— R — v
10 100 1000 10000 100000
Cl (mg/L)
. %
,’# .
[ ]
®
o8 o ol
ot O
o, ® o ® %
P ®
S——— e
10 100 1000 10000 100000
Cl (mg/L)
. /
[ J
. wf
® [ ] o
ot 20
< s,
e o
®
reey S—— S
10 100 1000 10000 100000
Cl (mg/L)

Ca (mg/L)

K (mg/L)

Br/Cl (welght ratio)

10000
) @
1000 3 ®
E
i A ﬁ
- “ . r
040 % 0 o selieg®
3 [ _J
b ‘o ® ©
iy e
°
1 ry—r—r—rromy s e s e
1 10 100 1000 10000 100000
Cl (mg/L)
10000
1000
o
100 .’ ’
® d ]
10 i’tﬂ .
e e
Llo
. * «®e
°
14 - T yop— v
10 100 1000 10000 100000
Cl (mg/L) ‘
A4
®q °
.01
HIR® A3 (O T
] % ° ° t'ﬁ.’h
4 ® ® [N
.001 4 ®
.0001 v—rrrey T PP
10 100 1000 10000 100000
Cl (mg/L)
QA17227¢

Figure 35. Bivariate plots of major ions and of Br/Cl ratios versus chloride for sea-water intrusion samples
from Califomia (data from Brennan, 1956), Israel (data from Arad and others, 1975), Hawaii (data from Mink,
1960), Spain (data from Price, 1988), and Texas (data from Jorgensen, 1977). Little scatter at chloride
concentrations greater than approximately 1,000 mg/L indicates little variation between sea-water
intrusion samples, with the exception of changes by cation-exchange reactions.



Tabie 6. Changes in chloride concentration between
1877 and 1981 in the Farrington aquifer of New Jersey
as a resuft of sea-water intrusion (data from
Schaefer, 1983).

Cloride concentration

in mg/L

Well name 1977 1981

Perth Amboy WD 1A 6.3 32.0
Perth Amboy WD 2 49.0 54.0
South River BORO WD 2 7.2 12.0
South River Boro WD 5-77 7.0 12.0
South River Boro WD obs. 12.0 26.0

~ -Sayreville Boro WD'M 100.0 *190.0
- Thomas and Chadwick 1 16.0 *42.0
El duPont - Parlin 1 7.5 45.0
El duPont - Parlin 3 47.0 96.0
Duhemal Water System 60F 680.0 1,300.0.
NL Industries 3 7.6 *585.0

* Sampled in 1979
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Jersey (Schaefer and Walker, 1981). There, intrusion was caused by heavy pumpage as hydraulic heads
declined to 45 ft below sea level in the center of the cone of depression.

In the Southampton, New York, area, background chloride concentration of fresh water is less than
20 mg/L. Concentrations of 200 mg/L to 13,890 mg/L indicate mixing of fresh water with sea water
(Anderson and Berkebile, 1976). A similar approximate limit, in some cases less than 20 mg/L in other
cases less than 50 mg/L of chloride, above which sea-water intrusion is suspected, was suggested by
Lusczynski and Swarzenski (1966) for Long Island, by Tremblay (1973) for Prince Edward Island, New
York, by Wilson (1982) for the Floridan Aquifer of west-central Florida, by Kohout (1960) for the Biscayne
aquifer of southeast Florida, and by Zack and Roberts (1988) for the Black Creek Aquifer of Horry and
Georgetown Counties in South Carolina. On the other hand, rainwater near coastlines may contain
chloride concentrations between 10 and 40 mg/L, and thus approach these background concentrations
in some areas (Custodio, 1987). During hurricanes, ocean spray may affect coastal zones many miles
inland, as documented during a 1938 storm event in New England, during which plants were damaged by
spray as far as 45 miles inland from the coast (Hale, 1973). Background chloride concentrations may be
higher in other areas, such as in the Monterey County area of California, where chloride levels range from
100 to 200 mg/L in uncontaminated wells (Fig. 36). Knowledge of background levels is useful in
identifying the movement of an advancing intrusion front. For example, between 1977 and 1981 the
continuous chloride increases in the Middiesex County area, New Jersey (Table 6) indicated a 0.2 to
0.4 mile inland migration of the transition zone between fresh water and salt water in just those four years
(Schasefer, 1983). _

In case sea-water intrusion is not the only potential source of salinity in a given area, differentiation of
the respective salinization sources is more complicated and requires additional tracers or other tracers
than chloride. In the Castroville area of Monterey County, California, two sand and gravel aquifers (180-
and 400-ft aquifers) are affected by sea-water intrusion due to heavy pumpage (Monterey County Flood
Control & Water Conservation District, 1989). Sea water has intruded the shallow unit up to five miles
landward beginning in 1944 and the deep unit up to one mile landward beginning in 1959, causing
chloride concentrations in water wells to increase from background values of 100-200 mg/L. to greater
than 1,000 mg/L (Fig. 36). Figure 37 illustrates this landward advancement in a plot of distance of the 500
mg/L chloride contour from the coastiine over time for the two aquifer units. Leakage of salt water can
occur from the shallow aquifer to the deep aquifer along wells penetrating both units. Using Piper
diagrams, this local downward leakage of brackish water can be distinguished from regional sea-water
Intrusion (Monterey County Flood Control & Water Conservation District, 1989). The exchange of calcium
and sodium between acuifer matrix and intruding sea water is reflected by a curve (Fig. 38) in the diamond-
shaped field of the Piper diagram. This ion exchange proceeds in the intruding water until the aquifer
sediments are saturated with sodium (Fig. 38 a1), after which no additional calcium is released from the
matrix (Fig. 38 a2). Therefore, sea water that intrudes the aquifer behind this initial front will not exhibit the
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Figure 36. Iincrease in chloride concentration with time in coastal wells in Monterey County Cahfom:a
suggesting sea-water intrusion (from Monterey County Flood Control & Water’ Conservatnon Dustnct
1989). : ‘
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Figure 37. Landward movement of sea water mapped by the position of the 500 mg/L chloride contour in
two shallow aquifers, Monterey County, California. Since 1944, sea water has advanced approximately
20,000 ft in the 180-ft aquifer to a position 25,000 ft inland from the coast (from Monterey County Flood
Control & Water Conservation District, 1989).
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Figure 38. Piper diagram of chemical composition of coastal saline water, Monterey County, California.
Regional sea-water intrusion is characterized by ion exchange (a1) and mixing (a2), whereas local mixing of
intruded sea water with fresh water along boreholes is charactaerized by simple mixing (b) (modified from
Monterey County Flood Control & Water Conservation District, 1989).
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increase in calcium and decrease in sodium as observed in the advancing front. Often, this stage is not
reflected in readily available water-chemistry data because wells producing this kind of water most likely will
have ceased to be used unless the wells function as monitoring wells. According to Piper and others
(1953), sodium-saturated conditions occur in Southern California aquifers when TDS levels reach
approximately 2,000 ppm (Cl of approximately 1,000 ppm). This stage has been reached in some parts of
the shallow aquifer in the Monterey area. Leakage water from these parts in the shallow aquiter into the
deep aquifer are characterized by a simple mixing line between sea-water composition and fresh-water
composition (Fig. 38b). The same curve-shaped relationship in the diamond field was shown by Brennan
(1956) for waters affected by sea-water intrusion in the Manhattan Beach area of California (Fig. 39). In this
case, oil-field brines, the second potential source of salinization, were ruled out in favor of sea-water
intrusion because salinity in ground water increased toward the coast but not toward nearby oil fields. Qil-
fleld brine was also ruled out because the chemical composition did not correspond to mixing lines in the
diamond field and the triangular fields (Fig. 39). ' ’ |

Flushing of formation water may be less effective in some areas than in others or some coastal wells
may be drilled into saline water that represents old instead of modern sea-water intrusion. With respect to
water-resource management it may be of importance to be able to differentiate between modern sea-
water intrusion and past sea-water intrusion or between modem sea-water intrusion and formation water.

Howard and Lloyd (1983) pointed out that major chemical constituents are frequently inconclusive in
differentiating between these possible sources because of the chemical similarities of these sources to
present-day sea water. Different residence time of the salt water within the aquifer may hold the key for
distinguishing between these sources. Tritium content in recent continental water exceeds a few tritium
units (TU) whereas deep sea water has almost a zero TU content because of the long residence time of
sea water (Custodio, 1987). Therefore, mixing of continental fresh water with sea water should be
reflected in a lowering of the tritium content in the mixing water. Age dating of the waters using carbon
isotopes is another possibility for differentiating between modern and old sea water. Sea water has a
carbon-14 isotopic value close to that of modern organic matter (>80 percent modern; §14c =0 permille
for recent, pre-bomb ocean water), whereas old sea water, connate or intruded, has a low carbon-14
content (Custodio, 1987). Hanshaw and others (1965) reported a carbon-14 value of +285 permille for
ocean water at Jekylt Island, Georgia, and a range from +4.2 permille (7.6 permille) for surface samples to
-54.3 permille (+11.5 permiille) for deep water masses from various parts of the North Atlantic Ocean.
These values are very ditferent to values of fresh ground water (—965 to —987 permille) and for deep
saline ground water in the Claiborne Group (-968 to —981 permiille) in the Brunswick, Georgia, area. The
isotopic composition of contaminated ground water (=970 to —980 permille) in the area was identical to
that of fresh water and deep saline ground water, which suggests that recent sea water is not the source
of salinization in the contaminated water (Hanshaw and others, 1965).
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Figure 39. Piper diagram of chemical composition of selected saline waters from the Manhattan Beach
area, California (from Brennan, 1956). Cation exchange is suggested by the curve in the center field, with
fresh water (No. 1) and ocean water (No. 28) as end points. Linear trends in the triangles also have ocean

water as the high-Cl end member, as opposed to oil-field samples (No. 29, No. 30).
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Age dating in combination with /Cl ratios allowed Howard and Lioyd (1983) to differentiate three bodies of
saline water as three separate intrusions into the Chalk limestone of eastern England. Modern radiocarbon
ages were associated with minor iodide enrichment (I/Cl = 4 x 10~6, as compared to I/Cl = aix 105 for sea
water) and were interpreted as modern and active saline intrusion. Moderate iodide enrichment (I/Cl = 3 x
10‘5) was typical for shallow saline water related to Middle/Late Flandrian marine transgression and
radiocarbon dates of 5,000 to 8,000 years. Deep saline water, dated at 7,000 to more than 21,000 years
old and related to the Ipswichian interglacial stage, were characterized by high iodide enrichment (I/Cl =
10"4). In this setting, the presence of iodide is an indicator for ground-water residence time as more
iodide is leached out of the sediments over time (Fig. 40) (Lloyd and others, 1982). The amount leached
from the sediments also depends on the sediment type, as iodide concentrations in sandstones are
typically much lower (0.1-1 ppm) than those in argillaceous shales and limestones
(>> 1 ppm); highest icdide concentrations are often associated with organic-rich marine deposits as well as
with evaporites and caliche deposits (Lloyd and others, 1982). The ratio of VCl in sea water is
approximately 500 to 1,000 times less than the value typically measured in rain samples from the Hawaiian
atmosphere (Duce and others, 1965) and also one order of magnitude less than typical oil-field/deep-
basin brine ratios and typical frash water ratios (I/Cl >10~5; Whittemore and Pollock, 1979). This difference
may be useful to differentiate a sea water source from an oil-field/deep-basin brine source. The I/Cl ratio in
sea-water is similar to the ratio found in many halite-dissolution brines (l/CI <10~5; Whittemore and Pollock,
1979; Richter and Kreitler, 1986a,b), which suggests that this ratio is not a good tracer for differentiating
between these two sources. However, in combination with boron and barium, iodide was a useful tracer to
distinguish sea-water intrusion from connate brine in a contamination study conducted by Piper and
others (1953) in California. ; |

Modemn and oki sea water or formation water may also differ in their stable isotope composition of
oxygen-18 and deuterium as long as different climatic conditions existed during intrusion of the water
(Custodio, 1987). By convention, sea water has a composition close to the zero permille vaiue because
“standard mean ocean water” (SMOW) is taken as a reference value against which all other samples are
measured. Fresh ground water is typically isotopically lighter because of fractionation processes that occur
during evaporation of sea water and condensation leading to precipitation. Water that has undergone
evaporation before entering local ground water, however, may be heavier than sea water. Also, rock-water
interactions at elevated temperatures tend to isotopically enrich the oxygen-18 content of the water
(Custodio, 1987). These differences may allow differentiation of salinization sources.

Ina simila; fashion, the value of the stable carbon isotope 13C ditfers between sea water and
continental water. Mook (1970) reported 513C concentrations betwean 1.5 and 2.0 permiille for sea water,
whereas continental waters are isotopically lighter with 13C of about ~13 permille. According to B. B.
Hanshaw (personal communication, 1976; in Jorgensen, 1977), a §13C value of —1 permille would be
expected in sea water and a 313C range of —12 1o —25 permille would be expected for ground water in the
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Houston area. Testhole samples, ranging from -9.4 to -12.9 permillé, appear to be inconclusive
conceming a sea-water source (Jorgensen, 1977). Age dating, using tritium, and the use of the stable
isotope ratios 5180, §2H, 5348, and 513C were also inconclusive with respect to the most likely source of
salinization of ground water along the Houston Ship Channel. Instead, major cations and anions, depicted
in Piper diagrams and Stiff diagrams, appeared to best reflect the potential sources of salinity in that area
(Houston Ship channel in the shallow subsurface, formation water in deeper units). Although water
samples had been analyzed for many minor and trace elements such as Br, |, Li, Fe, B, K, F, and Sioz,
Jorgensen (1977) did not make use of or discuss these constituents as possible tracers.

Another ratio indicative of residence time may'be the ratio of Ca/Mg. The Ca/Mg weight ratio of 0.3 in
sea water is very small when compared to the characteristic value of >1 found in most fresh waters and
brines. lon exchange between intruding sea water and fresh-water aquifer matrix results in an increase in
the Ca/Mg ratio when compared to the ratio of sea water. This increase may be more pronounced in older
waters than in modern waters, which led Sidenvali (1981) to propose that saline water in the Uppsala,
Swaden, area is fossil ground water representing the last sea transgression.The ratio of Cl/SQ4 was used
by Snow and others (1980) to distinguish sea-water intrusion from road-salt contamination in Maine, based
on the fact that sulfate concentrations and Cl/SOg4 ratios are substantially lower in road-salt affected well
waters than in sea-water affected well watérs. This ratio can also be used 10 distinguish modern sea-water
intrusion from previous intrusion in waters having chloride concentrations greater than 500 mg/L, as done
by Pomper (1981) in the Netherlands. As a result of sulfate reduction, older saline waters are
characterized by CUSO4 ratios that are higher than those found in modermn seawater. In a similar fashion,
Martin (1982) explained the source of saline water in the Santa Barbara, California area as ocean water that
had undergone ion exchange and sulfate reduction. In addition to the CVSQy4 ratio, the ratios of B/CI and
Ba/Cl appeared to indicate that sea water is the source of the deep saline ground-water in that area (Martin,
1982). The SO4/CI ratio also seems to indicate mixing between sea water and recharge water in the
Floridan aquifer of southwest Florida, as shown by Samples that ploi close to thé theoretical mixing linein a
plot of SO4/CI ratios versus SO4 concentrations (Fig. 41) (Steinkampf, 1982). However, gypsum-
anhydrite solution causes sulfate concentration to increase downgradient in some of the samples, limiting
the use of the SO4/Cl ratio as a tracer of mixing. Because of the generally high degree of water—rock
interaction in this carbonate-dominated aquifer which governs concentrations of calcium, magnesium, and
bicarbonate and masks the source of salinity, the conservative nature of the chloride and bromide ions
was used by Steinkampf (1982) to demonstrate that dilution of marine-like ground water is a significant
mechanism in the evolution of saline ground water in this aquifer. Past marine inundations, after saline
interstitial waters had been flushed from the sediments, are the probable source of salinity (Steinkampf,
1982).

The Br/Cl weight ratio in sea water is approximately 3.3 x 10~3, which is comparable to most fresh
waters. Therefore, mixing of sea water and fresh water may cause only a slight change in Br/Cl ratio in the
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Figure 41. Bivariate plot of SO4/Cl ratios and S04 concentrations for coastal saline ground water 61
southwest Florida. Sea-water intrusion is indicated in those samples that plot close to the theoretical
mixing line between sea water and fresh water (modified from Steinkampf. 1982). v
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mixing water when compared to the fresh-water value. For example, Brennan (1956) reported Br/Cl ratios
of 3.4 x 10~3 for Pacific Ocean water and a range of 3.2 x 10~3 to 3.7 x 10~3 for sea-water intrusion
samples in the Manhattan Beach area, California. However, because of the conservative nature of Br and
Cl, this ratio can often be used to differentiate between salt-water sources. For example, halite-dissolution
brine Is typically characterized by Br/Cl ratios smaller than 5 x 10—4, which is one order of magnitude
smaller than the value in sea water. On the other hand, oil-field brines often have ratios of Br/Cl that are
significantly higher than sea-water and halite-dissolution brine values (Whittemore and Pollock, 1979;
Richter and Kreitler, 19863a,b; Whittemore, 1988). Therefore, the Br/Cl ratio may be useful to differentiate
between sea-water intrusion and oil-fiskd contamination in coastal settings that include oil fields. in settings
that include storage and application of salt for road deicing, such as along the coast in the northeastern
part of the United States, the Br/Cl ratio can also be used to distinguish sea-water intrusion from road-salt
contamination. Saline ground water originating from past or current intrusion of sea water contains
detectable bromide with Br/Cl ratios similar to sea water, whereas saline ground water originating from road
salt typically contains little bromide with Br/Cl weight ratios less than 1 x 10—3 (Snow and others, 1990).
lon exchange and carbonate dissolution are major chemical reactions that alter the composition of
intruding sea water. This is the case even in aquifers that contain only small amounts of clay and
carbonates, as shown in a study of rock-water interactions and seawater-freshwater mixing in coastal dune
aquifers of Oregon. Magaritz and Luzier (1985) found that of all the major ions, chloride was the only one
to act conservatively although the aquifer consisted of rather uniform quartz sand with only minor anhounts
of silt, clay, and some organic matter. Sulfate reduction, oxidation of plant material, formation of authigenic
K-feldspar, and Ca-Na base exchange on clay minerals cause the composition of the saline water to differ
considerably from the theoretical composition of diluted sea water in the mixing zone. Nadler and others
(1981) summarized processes occurring in the transition zone within sandy sediments as being (a) dilution
of sea water, (b) Ca-Mg exchange, (c) Na-Ca or Na-Mg base exchange, and (d) sulfate reduction. The same
was shown by Mink (1960), who studied concentration changes in sea water as the water moves through
calcareous and alluvial deposits on the ocean bottom before entering the basaltic aquifer of southern
Oahu, Hawail. Even at a very small degree of dilution, indicated by a chioride concentration of 17,600 ppm
in the intruded water as compared to 19,000 ppm in open sea water, changes in major cations are very
noticeable, with the calcium concentration increasing by more than 100 percent and the potassium
concentration decreasing by more than 50 percent (Mink, 1960). Similarly, sea-water intrusion samples in
the coastal zone of Fuj City, Japan, do not reflect the theoretical mixing composition of sea water and
fresh water. Instead, ion exchange and solution-precipitation reactions cause (1) higher Ca content,
(2) slightly higher SO4 content, and (3) lower Na, K, and HCO3 content than expected from simple mixing
(\keda, 1967). The increase in Ca content with time was used by Jacks (1973) to distinguish old sea water
from young sea water, based on the assumption that old water had more time for ion exchange reactions
to occur and, therefore, would be characterized by higher Ca contents than younger sea water. Under
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certain circumstances, manganese concentrations may be indicative of ion exchange. This is the case in -
sea-water intrusion samples from Manhattan Beach, California, in which sodium ions of the intruding sea
water are exchanged for manganese in the sand and gravel aquifer. Largest manganese concentrations
éppear to be associated with Mg/Ca ratios close to or slightly greater than one (Brennan, 1956).

Dilution diagrams were used by Howard and Lloyd (1983), who investigated the relationship of three
groups of saline ground water in east-central England (Fig. 42). On these plots, data points close to the
theoretical mixing line between sea water and local ground water indicate simple mixing, whereas data
points away from mixing lines indicate chemical reactions, such as mineral dissolution and precipitation, ion
exchange, and sulphate reduction. It is interesting to note that Howard and Lloyd (1983) did not at first
attempt differentiating saline waters by the use of major chemical constituents but instead used isotopes
and the I/Cl ratio to distinguish three groups. Only because of this grouping did dilution diagrams allow an
explanation of the hydrochemical evolution of the individual groups that otherwise would have only
resulted in a big cluster of data points.

3.3.4. Reaction Characteristics of Sea-Water Intrusion

The chemical composition of sea water changes as it intrudes a fresh-water aquifer. Changes occur
in response to mixing and chemical reactions as summarized in Figﬁres 43 and 44 and below. These
changes are most pronounced within the initial sea-water front that mixes with fresh water. Subsequent
intrusion deviates little from sea-water composition. , ‘

Mixing: Mixing of fresh water and sea water occurs within a transition zone, which is characterized by
chloride concentrations from just above background concentration values to just less than sea-water -
concentration. The front of this transition zone is characterized by ion exchange as discussed below.
Behind the ion-exchange front, simple dilution characterizes deviation of the brackish water from sea-
water composition. This can easily be identitied on trilinear plots in the straight-line relationship between
data points. On bivariate plots of major cations and anions versus chioride, data points plot close to the
theoretical mixing line between local fresh water and sea water. |

lon Exchange: Clay minerais, espedally montmorillonite, have free negative surface charges that are
occupied by cations in direct proportion to the abundance of cations in the water and to the sorption
characteristics of the cations and the minerals. In a typical fresh-water aduifer, these sites are saturated
mainly with calcium ions, whereas in a typical salt-water aquifer, the sites are occupied mainly by sodium
ions. Whenever the relation of calcium to sodium in the water changes, for example in response to sea-
water intrusion into a fresh-water aquifer, ion exchange will occur whereby sodium will be taken out of
solution and calcium will be released from mineral exchange sites. Magnesium and potassium may also be
exchanged for calcium but the Na-Ca exchange is the most significant one. For example, Howard and -
Lioyd (1983) attributed more than 96 percent of the base exchange in the Chalk aquifer of east-central
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Figure 42, Dilution diagrams of major ions with theoretical mixing lines between sea water and local fresh

water. Simple mixing is indicated for samples plotting close to theoratical mixing lines. Deviations from
these lines suggest additional chemical reactions (from Howard and Lioyd, 1983).
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England to Na-Ca exchange. This exchange is assumed to be instantaneous (Kafri and Arad, 1979).
Intrusion of fresh water into a salt-water aquifer will cause the opposite ion exchange. Table 7 summarizes
major changes on ionic ratios as a resutt of these changes in water facies. The chloride concentration is
not affected by ion exéhange, which makes the Na/Cl ratio a potential tracer of intrusion. If sea water
intrudes a fresh-water aquifer, Na/Cl ratios will decrease from ratios often greater than one to ratios often
less than the value in sea water. In contrast, if fresh water replaces marine water or washes out marine
sediments, very high Na/Cl ratios can result (Custodio, 1987). Figure 39 illustrates this process of ion
excﬁange in the early part of the intruding sea-water front as plotted on a Piper ciiagram. lon exchahge
between calcium and sodium characterizes the cluster in the cation triangle (samples 1 through 12,
representing the lowest chloride values), whereas mixing characterizes the straight line in the anion
triangle as chloride content increases. The diamond-shaped field reflects the slight increase in Ca+Mg,
the matching decrease in Na+K, and the high increase in Cl+SO4 percentages (Fig. 39).

No changes in the Na/CI ratio will occur in water that intrudes behind the front of ion exchange
because all the exchange sites are already occupied. Therefore, the Na/Cl ratio should approach the ratio
of sea water (0.85 molar ratio), which differs from the typical ratio of halite-dissolution brines (0.64 molar
ratio) and from the small ratio characteristic for many oil-field/deep-basin brines (<0.50 molar ratio). The
degree of change that occurred because of ion exchange may not only indicate the positioh within the
intruding front (Table 7), but also the timing of the intrusion. Recent sea-water intrusion would be
expected to be associated with data points predominantly showing ion exchange, whereas old sea-water
intrusion would be expected to include many data points with little or no evidence of ion exchange
(Howard and Lioyd, 1983). ' ,

~ Carbonate Dissolution: Mixing of fresh water and sea water, both saturated with respect to calcium’
carbonate, can result in a mixing water that is undersaturated with respect to calcium carbonate (Hanshaw
and others, 1971; Back and others, 1979; Custodio, 1987). This mixing water can dissolve carbonates
and thus calcium and bicarbonate concentrations will increase. Additional calcium carbonate dissolution
may occur in the presence of sulfate reduction of organic-rich sediments because of the associated
change in the pH and CO,, contents of the water. | o o

Sulfate Reduction: Sea water is relatively high in dissolved sulfate content (Table 4). Under reducing
conditions in ground-water systems, and with the presence of compounds that can be oxidized (that is,
organic matter) as well as of reaction catalysts (for example, bacteria or isolated -eniymes).'sulfaté will be
reduced according to the equation CH20 + 1/2 S042~ —--> HCO3™ + 1/2HS + 1/2H+ (with HS™ + H* --->
HaS at pH <7) Freeze and Cherry, 1979). Tﬁis results in a decrease in sulfate concentration relative to the
sea-water composition. ' '

Bromide: Sea-water intrusion may lead to bromide concamfations greater than a few millidrams per
liter in coastal aquifers. This has a big potential impact on future drinking-water resources »becauée J
elevated bromide concentrations make